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Abstract 
This work comprises the physicochemical study of micelles of 
poly(styrene-b-[3-(methacryloylamino)propyl]trimethylammonium chloride-b-ethylene oxide) 
(PS-b-PMAPTAC-b-PEO) in aqueous solutions which contain core-shell-corona architecture, 
and their application to the synthesis of hollow inorganic nanospheres such as hollow silica 
and metal oxides. 
The first chapter gives a brief introduction of ABC triblock copolymer micelles and general 
methods of the synthesis of hollow inorganic nanoparticles.  
The second chapter describes the preparation of mixed micelles of 
PS-b-PMAPTAC-b-PEO and anionic amphiphiles such as sodium dodecyl sulfate (SDS) and 
poly(methacrylic acid) (PMAA). The number-averaged degree of polymerization (DP) for the 
PS, PMAPTAC and PEO blocks was estimated to be 8, 100 and 45, respectively. Due to the 
short PS chain length (DP=8), the formation of micelles is difficult at a low concentration, 
and the micelles are detected only at concentrations higher than 1 gL-1. The addition of 
anionic amphiphiles induces the formation of mixed micelles at a low concentration level of 
the polymer (ca. 0.005 gL-1). The binding of SDS or PMAA to the PMAPTAC block is 
confirmed by SEM and zeta-potential measurements. The mixed micelle is shown to have a 
spherical morphology.  
The third chapter describes the study of PS-b-PMAPTAC-b-PEO polymer including 
preparation and characterization of the micelle, and morphological change of the micelle 
induced by incorporation of anionic amphiphiles. The number-averaged degree of 
v 
 
polymerization (DP) for the PS, PMAPTAC and PEO blocks was estimated to be 80, 106 and 
47, respectively. The micelle formed from PS-b-PMAPTAC-b-PEO gave a core-shell-corona 
architecture in an aqueous solution, i.e. the PS block forms the core, positively charged 
PMAPTAC forms the shell, and PEO forms the corona. The addition of tungstate to the 
micellar solution caused a morphological change in the micelles from extended to shrunken 
spheres, which can be attributed to the fact that the electrostatic repulsion among the cationic 
PMAPTAC blocks is cancelled by the negative charge of the bound tungstate ions. It is worth 
mentioning that the shell-forming block (PMAPTAC) is soluble in water at any pH, and thus 
plays the role of a reservoir and reaction site for the precursors under wider range of 
conditions. 
The fourth chapter describes the synthesis of hollow silica nanospheres by using 
PS-b-PMAPTAC-b-PEO micelle as a template. Tetramethoxysilane, phenyltrimethoxysilane 
and their mixtures were used as silica precursors. In the core-shell-corona micelles, the shell 
acts as a reservoir of the precursor of desired inorganic material, and the core acts as a 
template of the hollow void. The corona stabilizes the precursor-loaded micelles by steric 
repulsion to prevent the formation of the secondary aggregates. Hollow silica nanospheres 
have been successfully obtained by using this template micelle. It also turned out that the ratio 
of the precursor to the template influences the shell thickness of the obtained hollow silica. 
The fifth chapter describes the synthesis of several kinds of hollow metal oxide 
nanospheres such as tungsten oxide (WO3) and molybdenum oxide (MoO3) using the 
polymeric micelle of PS-b-PMAPTAC-b-PEO. Sodium tungstate dihydrate and sodium 
molybdate dihydrate were used as precursors for WO3 and MoO3 nanospheres, respectively. 
The particles were produced through the sol-gel process of these precursors in the aqueous 
solution. The hollow nanospheres were characterized by powder X-ray diffraction and 
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transmission electron microscopy measurements. To our best knowledge, this is the first 
reproducible synthesis of hollow nanospheres of WO3 and MoO3 with uniform shape and size 
under mild experimental conditions. The successful application of the polymeric micelle of 
PS-b-PMAPTAC-b-PEO to the fabrication of the hollow WO3 and MoO3 nanospheres also 
indicates a high possibility that this approach can be adapted for the fabrication of hollow 
nanospheres of various other inorganic materials. 
The major conclusions are summarized in chapter 6.  
The synthesis route of the polymer of PS-b-PMAPTAC-b-PEO is described in the 
appendix. 
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Chapter 1 
 
Introduction 
 
Behaviors and practical applications of block copolymer micelles are the focus of 
intense research recent years due to their ability to self-assemble into nanostructure with 
well-defined morphology and size. The resent development of nanotechnology has also 
created an important demand for self-organized materials including block copolymer micelles. 
In this respect, block copolymer micelles have been used as templating reactors for the 
production of nanoparticles, e. g. hollow nanosphere, which is of great interest in many 
emerging areas of technology because void space has been used to modulate refractive index, 
density, increase surface area for catalysis etc. Controlling shape and size of sphere diameter 
and cavity size has been one of the latest challenges in colloidal science. In addition, such 
nanoparticles embedded in a polymer matrix exhibit enhance chemical stability to oxidation, 
better colloidal stability and could also display an increased catalytic activity. 
In this chapter we give brief introduction about block copolymer micelles, synthesis of 
hollow nanospheres, and fabrication using triblock copolymer micelles as templates. 
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1.1  Block Copolymer Micelles 
Recently, block copolymers are intensively studied due to their ability to self-assemble 
into nanostructures with well-defined morphology and size, which make them suitable 
templates for the synthesis of nanoparticles. Indeed, block copolymers always consists of two 
or more segments of simple polymers (blocks) joined in certain arrangements. When block 
copolymers are dissolved in a selective solvent which is good for one block and poor for the 
other, they form stable micelles and a variety of structures. 
These copolymers are classified by the number of blocks each molecule contains. 
Block copolymers with two, three, and more blocks are called diblock, triblock, and 
multiblock copolymers respectively. Water-soluble diblock copolymers may have hydrophilic 
and hydrophobic moieties and in analogy to a conventional surfactant form 
micelles/aggregates. The insoluble or less soluble segments aggregate into dense micellar 
cores which are surrounded by coronas formed by the soluble blocks.1,2 On the other hand, 
double hydrophilic block copolymers which form nanoaggregates due to insolubilization of 
one of the blocks in the presence of some ionic solute. ABC type triblock copolymers have 
attracted great interest due to the huge number of different morphologies that have been 
observed so far in the bulk, in comparison to diblock copolymers and ABA triblock 
copolymers.3,4 Moreover, the introduction of a third block may introduce interesting new 
functionalities and offers additional parameters to control the copolymer properities, thereby 
influencing deeply the self-assembly process. Several examples of the micelle formation of 
block copolymers have been extensively reviewed by Nakashima and Bahadur.5 
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1.1.1 Diblock Copolymer Micelles 
For hydrophilic-hydrophobic block copolymers, the hydrophilic block always 
constituted of uncharged block like poly(ethylene oxide), as well as charged blocks like 
poly(acrylic acid) and poly(vinyl pyridine) salts. The hydrophobic block could be 
poly(propylene oxide), poly(butylenes oxide), poly(styrene oxide), polystyrene, 
polybutadiene, etc. A typical diblock copolymer, poly(styrene oxide)-poly(ethylene oxide) 
(PS-PEO), have been investigated a lot for their potential applications. Micelles and 
aggregates in various morphologies are formed in dilute aqueous solutions, such as sphere, 
rod, lamellae, and vesicles.6-9  
Mortensen and co-workers obtained spherical micelles of PS-PEO in aqueous solution, 
while extended anisotropic clusters above 10 wt. % concentration were also observed by 
SANS and DLS studies.10 The core of PS-PEO block copolymers was charged by ionic 
surfactants to produce metal nanoparticles.11,12 Spontaneous micelle formation by PVP-PEO 
in aqueous solutions was observed by Webber and coworkers.13 The micellization was driven 
by pH changes. Polybutadiene-poly(ethylene oxide) diblock copolymer micelles in water 
have been investigated in the presence of low mol wt. surfactants with scattering 
techniques.14-16 Strong interaction as evidenced by the transformation of large cylindrical 
micelles into smaller spherical micelles. 
There are also studies focuses on the formation of micelle-like aggregates from double 
hydrophilic block copolymers, in the presence of some ionic solute which made one of the 
blocks insoluble. One of the typical double hydrophilic block copolymers is poly(ethylene 
oxide)-poly(methylacrylate) (PEO-PMAA), which molecularly dissolved in water (a good 
solvent for both the blocks). Since the carboxylic group of PMAA is ionized at pH 5, the 
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PMAA block is negatively charged above this pH. This leads the possibility that any added 
cation can bind to the negatively-charged PMAA block in solution, to form the micelle-like 
aggregates with cation/PMAA core and PEO shell, much like micelles.17 One main advantage 
of these micelle-like aggregates is that the aggregates can incorporate ionic species into the 
core, compared to the amphiphilic diblock copolymer micelles. This is especially important 
for the applications on nanostructure design. 
1.1.2 Triblock Copolymer Micelles 
Different types of ABC triblock micelles have been discussed in the recent review of 
Gohy and co-workers.18 ABC triblock micelles can be divided into two general types 
according to the solubility of the three blocks: Copolymers with two insoluble blocks in the 
suitable solvent form micelles with a compartmentalized core and a homogeneous corona, 
while those with only one insoluble block form micelles with a compartmentalized corona 
due to the presence of two types of coronal blocks. ABC triblock copolymer with the A and C 
insoluble block and a B soluble block is hard to form micelles. 
In aqueous solution, the compartmentalized core is formed by the two insoluble blocks, 
A and B. The first hydrophobic A block forms the micellar core, the second hydrophobic B 
block is wrapped around the core and form the compartmentalized core. The third hydrophilic 
C block extents into the solution to form the micellar corona (Figure 1a). It is also 
understandable to call this kind of micelle “core-shell-corona” micelles in a sort of sense, for 
the compartmentalized core is actually form by a dense core and a shrunk shell. When the 
shell is extended, which means the B block is soluble in the suitable solvent, the copolymer 
forms core-shell-corona micelle with extended shell (Figure 1b). 
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Figure 1. Schematic representation of different types of micelles formed by ABC triblock 
terpolymers. (a) Core-shell-corona micelles with a compartmentalized core, (b) micelles with a 
mixed corona (no chain segregation), (c) core-shell-corona micelles with a compartmentalized 
corona (radial chain segregation), and (d) Janus micelles with an asymmetric corona (lateral chain 
segregation). 
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If B block is hydrophobic while A and C blocks are hydrophilic, core-corona micelle 
is formed with mixed corona or segregated corona (Figure 1c). In this case the hydrophobic B 
block forms the micellar core, the hydrophilic A and C blocks form the corona together. 
Micelle formation is different depending on the extent of segregation observed between the 
two solvated coronal blocks. The two coronal blocks can give rise to a homogeneously mixed 
corona, or to a radial segregated structure so called Janus micelle (Figure 1d). If there is no 
segregation between the coronal chains, micelle structure can be very similar to the one 
formed by AB diblock copolymers since only two compartments are obtained. 
Gohy and co-workers prepared core-shell-corona micelles from 
polystyrene-block-poly(2-vinylpyridine)-blockpoly(ethylene oxide) (PS-b-PVP-b-PEO) 
triblock copolymers in aqueous solutions.19,20 Spherical micelles made of PS core, PVP shell 
and PEO corona were noticed, and the morphology of micelles was studied by DLS, TEM 
and AFM. A pH-responsive morphological change was found in the micelles, i.e., for pH < 5, 
the micelles were larger in size than at pH > 5. This behaviour is due to the 
protonation-deprotonation process of the PVP block, i.e., PVP block has an extended 
conformation at pH < 5, while it has a shrunk conformation at pH > 5. This morphological 
change is reversible. The reversibility of this pH effect depends on copolymer composition. 
The conformation of the PEO block was shown to play an important role in this pH-driven 
morphological transition. 
Jerome and co-workers also studied the morphological changes of PS-b-PVP-b-PEO 
micelles.21,22 When the micelles were formed in the presence of a selective solvent good for 
the PS block (benzene), the micellar morphology exhibited a sphere-to-rod transition, as a 
result of the increased volume fraction of the core-forming blocks. TEM and AFM 
measurements confirmed that a PS rodlike core was surrounded by a PVP shell and an 
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external PEO corona. Nevertheless, the rodlike micelles coexist with spherical micelles that 
should be thermodynamically less stable, because of a higher stretching of the PS chains in 
the core. The addition of homopolymer polystyrene was found to induce morphological 
change in the PS-b-PVP-b-PEO, since it was expected that the addition of polystyrene before 
micellization increased the volume fraction of the core-forming block. However, the addition 
of polystyrene had no influence on the morphology of the micelles and on the characteristic 
size of both the PS core and the PVP shell, although the hydrodynamic diameter of the 
micelles decreased. Substitution of styrene for polystyrene resulted in transition from a 
spherical to a dominant rodlike morphology. The method used for the preparation of the 
micelles plays an important role in the final morphology. 
Our group investigated the effect of various anions over the morphology change of 
PS-b-PVP-b-PEO micelles by DLS, ELS, AFM, SEM and fluorescence spectroscopy.23-25 The 
PVP block had an extended conformation at pH < 5. If the positive charge of the PVP chain is 
diminished by some anion, the PVP block would have a shrunken conformation, resulting in 
decrease in the size of the micelle. The anions employed were anionic surfactants, dextran, 
sulphate and anionic tungsten oxides. On addition of sodium dodecyl sulphate (SDS) to 
PS-b-PVP-b-PEO solution, the hydrodynamic diameter of the terpolymer micelle decreases 
with increasing amount of SDS and finally reaching a minimum. Further addition of SDS 
does not bring about any significant change in the hydrodynamic diameter. A close look at the 
change seems to be due to the difference in pH. At pH 2 and 3, the hydrodynamic diameter 
decreases from 216 nm to 175 nm on increasing amount of SDS from 0 to the maximum. 
Furthermore, nearly the same value of hydrodynamic diameter (ca. 175 nm) is observed both 
at pH 2 and 3. At pH 4, however, hydrodynamic diameter is reached to minimum value at 
SDS to PVP ratio of 40 %, and afterwards the size remains almost the same. 
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1.2  Preparation of Hollow Spheres: General Methods 
Nanostructures with hollow interior are attractive in both fundamental research and 
practical applications owing to their unique structure that can be useful in realizing 
multi-functional nanomaterials: for example, their interior void can serve as an extremely 
small container for encapsulating multi-functional active compounds.26-28 To meet various 
demands, the embedded materials can either be sealed inside for protection or be made 
accessible to the outside environment by engineering the shell to be porous, enabling 
applications in many biomedical fields. The interior void can also be used as a reaction 
chamber or a nano-reactor, in which chemical reactions will be vastly different from the 
conventional reaction because of the confining effect and the change in microenvironments.29 
Such nano-reactor systems have already been successfully demonstrated in many cases, 
including the in situ synthesis of high-quality nanoparticles30, catalysis31-33, drug delivery34, 
etc. Hollow structures also provide some advantages over their solid counterparts in some 
industrial applications, e.g., fillers, pigments, and coatings, because hollow structures usually 
have lower densities35. 
A rich variety of methods has already been developed for generating hollow 
nanostructures, since Caruso published his work in 1998, and among them templating against 
colloidal particles is probably the most effective approach.36 Much effort has been paid to 
evaluate an ideal and convenient synthesis procedure for hollow nanospheres under mild 
conditions, like the traditional template-based methods37-46, using hard and soft templates. 
There are also some newly developed strategies such as “self-etching” approaches47-52, 
including those involving Ostwald ripening53-58, the Kirkendall effect59-69, and galvanic 
replacement70-75, etc.  
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Typically, a suitable template with well-defined morphology is used for the fabrication 
of hollow structures. A thin coating of the desired material is formed on the template to create 
a core-shell composite, and subsequent removal of the template core by calcination or 
selective etching gives hollow structure (Figure 2). In many cases the coating processes are 
difficult to control due to the homogeneous nucleation of the coating material because the 
core and shell materials are usually different. Functionalization of the core surface is needed 
to overcome the incompatibility of the materials, but the multiple steps may cause more 
complexity and less reproducibility. Since the production cost of many well-defined 
sacrificial templates is usually high, large scale synthesis for industrial applications using 
these methods has been impractical. Much effort has also been devoted to establishing 
self-templating or template-free methods to synthesize hollow nanostructures, where no 
additional templates are needed. Progress along this direction may make it possible to prepare 
functional hollow nanostructures in a cost-effective and environmental friendly way. 
1.2.1 Hard Templating 
The template-assisted approach provides a convenient and versatile procedure for the 
synthesis of hollow nanostructures. Based on the template materials employed, such synthesis 
can be simply classified into hard templating and soft templating. Hard templates normally 
possess relatively rigid shapes. Inorganic and inorganic-organic hybrid materials are usually 
utilized as the hard templates, such as silica nanospheres, polymer latex particles, and anodic 
aluminum oxide. Soft templates usually relate to organic surfactants, polymers, bubbles, and 
even biological viruses, which are relatively flexible in shape. 
The synthesis route using hard templates involves the following steps: preparing the 
original template, depositing the target shell material onto the surface of the template, and 
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removing the original template. In this case, the template simply serves as a scaffold around 
which a desired material is directed to grow into a nanostructure with its morphology 
complementary to that of the template. The second step of shell formation is usually the most 
challenging part of the process due to the unavoidable and usually undesirable homogeneous 
nucleation and growth of the shell materials. To overcome this problem, multiple surface 
modification processes are typically involved to improve the compatibility between the core 
and shell materials. For example, polyvinylpyrrolidone (PVP) molecules are usually adsorbed 
onto the surface of core materials to help the deposition of SiO2 layer.
38 
Caruso and co-workers first extended a layer-by-layer (LBL) technique (Figure 3) to 
prepare hollow inorganic silica and hybrid capsules through electrostatic assembly of 
negatively charged silica particles and positively charged polymer 
(poly(diallyldimethylammonium chloride)) (PDADMAC).36 Hollow silica was obtained after 
removal of PS latex by calcinations. The LBL method was later extended to the synthesis of 
hollow spheres of a wide range of compositions. However, there is no report on the synthesis 
of silica hollow nanoparticles with size below 100 nm by using PS latex template. 
Xia and co-workers have prepared oxide hollow spheres through a “forced” deposition 
against a three-dimensionally packed microsphere template by rapidly evaporating solvent 
during the hydrolysis and condensation of the sol-gel precursor.39,76,77 Amount of sol-gel 
precursor available for deposition is locally limited so that only a thin coating forms on each 
template. Upon dissolution of the templates, uniform hollow spheres can be generated and 
dispersed in solution. Additionally, many other coating schemes based on chemical vapor 
deposition (CVD) 78,79, atomic layer deposition (ALD) 80,81, and physical deposition, have 
been used to prepare hollow nanostructures from hard templates. 
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Figure 2. Schematic illustration of the templating strategy for the synthesis of hollow 
nanoparticles. 
 
 
 
 
 
 
 
Figure 3. LBL technique for the synthesis of hollow silica nanospheres by templating PS latex. 
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Although the hard-templating methods are effective in the synthesis of hollow 
structures, their drawbacks are obvious. Usually, the hollow structures obtained via a 
hard-templating approach using silica or polymer particles as the templates are often larger 
than 100nm because it is hard to make smaller sized template particles. So the problem comes 
to the availability of the suitable templates. It is very difficult to find templates that have the 
required size, shape, and surface property for growing hollow spheres of targeted materials. In 
addition to this size limitation, removal of template can also be a major impedance. If the 
treatment necessary to remove the template requires a critical condition and a long-term 
procedure, it adds complexity to the whole synthetic process and increases the chance of the 
structural deformation. For example, when a carbon nanotube is used as the template, 
high-temperature thermal treatment is required to remove the template, which causes 
morphological changes to the shell.82 Therefore, the production cost of the template particles 
and the removal process severely limits the viability of these methods towards nanoparticle 
synthesis.  
1.2.2 Soft Templating 
Soft templates typically include structures formed by surfactants, long-chain polymers, 
and viruses, which are usually amphiphilic molecules that contain a hydrophilic head and a 
hydrophobic chain.83 Under certain conditions, these materials self-assemble into 
well-defined aggregating entities such as normal and reverse micelles, emulsions, vesicles, or 
liquid crystal phases, which restrict and direct the growth of guest precursors. Precursor 
species react in the confined space or on the outer surface of the soft assemblies, via a sol-gel 
process or hydrothermal method to form a shell. Hollow structures have been successfully 
synthesized from a rich variety of materials, such as SiO2
84,85, TiO2
86, Ni12P5
87, NiS88, etc. A 
special soft template is gas bubble, around which fine nanoparticles form and aggregate to 
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form a compact shell. The gas bubble can be generated either by simply blowing a gas into a 
solution89, the chemical reaction itself90,91, or by other methods such as sonochemical 
technique.92,93 
Compared to hard-templating method, the soft templating approach shows a few 
intrinsic advantages. With soft templates, one can obtain hollow structures with porous shells, 
making it convenient to refill the hollow interior with functional species or to encapsulate 
guest molecules. That provides the application of hollow structures in fields such as drug 
delivery. The final product usually retains its structure and integrity upon removing the soft 
templates, while the removal of hard templates may sometime degrade the target structure. 
There are also disadvantages, such as the difficulty in controlling the uniformity of the 
products. In many cases, it is also challenging to scale up the soft templating methods due to 
the complication associated with the self-assembly of templates and shell growth processes. 
1.2.3 Kirkendall Effect 
The Kirkendall effect refers to void formation due to directional diffusion of atoms in 
a diffusion couple. Experimental observations of unequal flow of matter during inter-diffusion 
provided the first evidence for vacancy-mediated hopping of atoms being the predominant 
mechanism for diffusion in crystalline materials.94-96 Vacancy concentration builds up on the 
fast-diffusing side of the diffusion couple. When the vacancy concentration exceeds the 
saturation value, voids are nucleated by condensation of vacancies. Although void formation 
in alloys and solders may not be a desirable process for metallurgical manufacturing, the 
Kirkendall effect has recently been harnessed to generate different types of hollow structures 
on the micrometer and nanoscale.97,98 A typical route to design hollow nanoparticles by 
Kirkendall effect is shown in Figure 4. 
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Figure 4. Typical route for the synthesis of hollow nanoparticles through kirkendall effect. 
 
Alivisatos and co-workers first demonstrated the nanoscale Kirkendall effect for the 
formation of cobalt sulfide nanocrystals with hollow interior by reacting metallic cobalt 
nanocrystals with elemental sulfur at ∼180 ◦C.60,61 Cobalt nanocrystals were transformed to 
hollow chalcogenide nanocrystals by introducing either oxygen, sulfur, or selenium into the 
hot dispersion of cobalt nanocrystals. During the transformation, cobalt nanocrystals are first 
covered with a cobalt sulfide shell. Then the diffusion of cobalt and sulfur atoms in opposite 
directions takes place at the surface of cobalt and cobalt sulfide. As the reaction proceeds, 
voids form in the cobalt side of the interface because the outward diffusion of cobalt atoms is 
faster than the inward diffusion of sulfur atoms. Similar intermediate structures were observed 
in many other hollow nanomaterials. The Kirkendall effect has proven to be a very general 
procedure for the production of other nano-sized hollow inorganic materials, such as hollow 
iron oxide99,100, hollow Cu2O and Al2O3
101, hollow AlN nanospheres102.  
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1.2.4 Chemical Etching 
Etching, or partial dissolution of the interior of nanoparticles, is another approach to 
synthesize hollow or porous nanomaterials. It can also be called a self-templating process. 
Unlike the conventional templating methods, the templates in these cases not only provide the 
scaffold for the creation of hollow structures, but also directly participate in the formation of 
the shells. The templates either already have the same composition as the targeted shell 
materials or they finally chemically transform into shell materials. This chemical etching 
method can produce high-quality hollow nanostructures with uniform size, controllable shell 
thickness, and great convenience for large scale production. Several kinds of hollow 
nanomaterials have been reported via this process. 
Several groups reported the synthesis of hollow iron oxide structures, where inorganic 
anions, such as sulfates or phosphates, are believed to stabilize the outer surface through 
coordination by forming complex compounds.51,52 The complex compounds are stable enough 
to protect the outer layer from rapid dissolution so that the unprotected interior materials are 
dissolved preferentially, producing a hollow structure. Zeng and co-workers developed a 
weak acid selective etching strategy to fabricate oxide-based hollow nanoparticles using 
metal-oxide core-shell nanostructures.103 In their method, Zn/ZnO core/shell nanoparticles 
were fabricated via laser ablation of a zinc plate in water and then etched with weak acids 
such as tartaric acid (C4H6O6), chloroauric acid (HAuCl4), and chloroplatinic acid (H2PtCl6) 
in aqueous solutions to form ZnO hollow nanoparticles (Figure 5). Interestingly, gold and/or 
platinum were successfully inserted into the ZnO hollow nanoparticles using HAuCl4 and 
H2PtCl6 as precursors during the etching process, yielding Au-ZnO, Pt-ZnO, and Au-Pt-ZnO 
hollow core-shell nanoparticles. 
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Zhang and co-workers introduces a “surface-protected etching” process which 
involves precoating of solid oxide particles with a protecting layer of polymeric ligands and 
subsequent preferential etching of material from the interior of the particles using an 
appropriate etching agent, as illustrated in Figure 6.58 The protection by the polymer allows 
the oxide particles to retain their original size, while selective etching at the interior produces 
porous structures and eventually hollow spheres. An etching agent is needed to effectively 
dissolve the oxide material, as well as being able to diffuse through the oxide structures. 
Finally, a polymeric ligand is needed to effectively protect the colloid surface from rapid 
dissolution by etchant. 
 
 
 
 
 
 
Figure 5. Schematic illustration of the selective etching strategy for ZnO hollow nanoparticles. 
 
 
 
 
 
 
 
Figure 6. Schematic illustration of “surface-protected etching” for transforming solid structures 
into hollow structures with permeable shells. 
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1.3  Synthesis of Hollow Silica Nanospheres Using Polymeric Micelle Templates 
Compared to other methods, one of the advantages of templates of polymeric micelles 
is that the size and morphology of the micelles can be easily tuned by adjusting the block size, 
polymer combination, and solvent composition. There are a few groups reported the use of 
templates of polymeric micelles for the synthesis of hollow nanoparticles. The polymeric 
micelles so far employed have a core-corona type architecture formed from AB diblock or 
ABA triblock copolymers.104-107 In these systems, the corona of the micelles acts as a 
reservoir of the precursor of the inorganic material, and the core acts as a template of the 
hollow. The precursor of the inorganic material is sorbed (or adsorbed) into the corona of the 
micelles, and forms the shell of the hollow particle after being polymerized. The core-forming 
polymer is removed by calcination or other appropriate techniques that leaves a void volume 
inside the inorganic shell. In this method, however, the template micelles become very 
unstable when the precursor is sorbed into the corona, leading to the formation of 
second-order or higher-order aggregates in which two or more particles are bound to each 
other. 
Recently, a new approach was developed by our group by using micelles of 
PS-PVP-PEO to prepare hollow silica nanospheres.108 The reason that we tried to use ABC 
triblock copolymer micelles as a template is to avoid the problem associated with the AB 
diblock and ABA triblock copolymer micelles. The precursor of the inorganic material is 
designed to be selectively sorbed into the shell in order that the corona is free from the 
precursor that keeps the micelles stable. 
The micelles of PS-b-PVP-b-PEO has been well characterized by Gohy and 
co-workers,19-21 Stepanek and coworkers,109 and our group.23-25,110 It has been shown that the 
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micelle has a glassy and hydrophobic PS core, an ionizable hydrophilic PVP shell, and a 
hydrophilic PEO corona. The PVP shell extends at low pH (< 5) owing to repulsive forces 
among the protonated PVP units.The addition of the anionic species into this micelle cancels 
the positive charge of the PVP unit, resulting in a morphological change in the PVP shell 
from an extended to a shrunken form. The protonated PVP block is known to act as an acid 
catalyst site for the hydrolysis of tetramethoxysilane (TMOS), a precursor of silica, and silica 
has a negative charge at pH 4 in order to strongly bind to the protonated PVP block, so that 
the silica precursor can be selectively deposit on the PVP block of the micelles. 
Figure 7 shows a procedure for fabricating hollow silica nanospheres by the sol-gel 
technique combined with a template of the PS-PVP-PEO micelle. In this strategy, the PS core 
of the micelle acts as the template of the cavity and the PVP shell serves as reaction site for 
selective deposition of silica while the PEO corona helps to stabilize the hybrid from the 
secondary aggregations. Based on this result, it is necessary to further extend this method of 
fabrication for other inorganic nanospheres. The micelles morphology was also investigated 
by systematically changing the PS chain length or adding homo polystyrene. Thus obtained 
hollow silicas exhibited hollow cavities of different sizes indicating the fine control of present 
method. In addition, the tuning of silica wall thickness was also studied by changing the 
amount of silica precursors employed. 
Although PS-PVP-PEO based micelle has good control over morphology, it can not be 
used throughout the entire spectrum of pH. To overcome this difficulty, we herein used a new 
triblock copolymer, poly(styrene-b-[3-(methacryloylamino)propyl] trimethylammonium 
chloride-b-ethylene oxide) (PS-b-PMAPTAC-b-PEO), which forms core-shell-corona 
micelles in aqueous solution. The positively charged PMAPTAC shell makes it possible to 
work as a nano-reactor at wider pH range. Several kinds of hollow metal oxide nanospheres 
19 
 
were successfully obtained using this template and could be employed for synthesis of various 
interesting other inorganic materials. 
The main objective of this thesis work to find out suitable candidate for the fabrication 
of hollow inorganic nanospheres. So far our research experience reveals that the micelle with 
core-shell-corona structures formed by the triblock copolymer in aqueous solution can act as a 
good template for synthesis of nanospheres. The use of polymeric micelles also offers better 
control over the cavity dimensions and the wall thickness and it is highly likely that it has a 
great potential for the fabrication of various hollow inorganic nanostructures. 
 
 
 
 
 
 
 
Figure 7. Fabrication of Hollow Silica Nanosphere from PS-PVP-PEO Micelle Template. 
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Chapter 2 
 
Physicochemical Properties of Micelles of Poly (styrene8-b-
[3-(methacryloylamino)propyl]trimethylammonium 
chloride100-b-ethylene oxide45) in Aqueous Solutions and the 
Mixed Micelle Formation with Anionic Amphiphiles 
 
Polymeric micelles from a new triblock copolymer, poly(styrene8-b-3-
(methacryloylamino)propyltrimethylammonium chloride100-b-ethylene oxide45) (PS8-b-
PMAPTAC100-b-PEO45), were prepared in aqueous solutions. The micelle has a PS core, a 
cationic PMAPTAC shell, and a PEO corona. Due to the short PS chain (degree of 
polymerization = 8), the formation of micelles is difficult at a low concentration, and the micelles 
are detected only at concentrations higher than 1 gL
-1
.  The addition of anionic amphiphiles, such 
as sodium dodecyl sulfate (SDS) and poly(methacrylic acid) (PMAA), induces the formation of 
mixed micelles at a low concentration level of the polymer (ca. 0.005 gL
-1
).   The mixed micelles 
are characterized by DLS, SEM and fluorescence measurements. The kinetics of exchange of 
organic dyes between the micelle particles was investigated by fluorescence techniques.  The 
result indicates that the exchange of the dyes between the micelle particles takes places within a 
time scale of seconds. 
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2.1 Introduction 
The synthesis of nanoparticles with a unique size and shape finds potential applications in 
areas such as optics, electronics, catalysis, and storage devices. For their synthesis, templates are 
often indispensable and it is an important issue to stabilize these nanoparticles or to arrange them 
into superstructures. For this purpose, amphiphilic block copolymers with hydrophilic and 
hydrophobic blocks turned out to be advantageous as each block performs different functions.
1-4
 
In most cases, the block copolymers are dissolved in a selective solvent that is poor for one block 
and good for the other block(s), which results in spherical micelles with a core-shell or multilayer 
structure.
5
  
Very recently, core-shell-corona micelles from ABC triblock copolymers in aqueous 
solutions have attracted much attention. This type of micelle consists of a hydrophobic dense 
core surrounded by a hydrophilic shell, and an outer hydrophilic corona which protects the 
micelles stability in an aqueous environment.
6-9
 A typical example of a well-defined core-shell-
corona micelle is the micelle of poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS-b-P2VP-b-
PEO) triblock copolymer, which has a PS core, P2VP shell, and PEO corona in aqueous 
solutions.
10,11 
It was found that the micelles undergo a pH-sensitive morphological change from 
shrunken to extended spheres as the pH of the micellar solution is lowered below 5. This is due to 
the protonation of the P2VP block at a pH lower than 5, which causes an electrostatic repulsion 
between the protonated P2VP chains. Such a morphological change was also induced when the 
positive charge of the protonated P2VP is cancelled by the negative additives including dodecyl 
sulfate, dextran sulfate, and tungstate.
 12-15
 
 
It is important to note that the P2VP shell in the micelle of PS-b-P2VP-b-PEO is ionized 
only in a limited pH range which restricts its potential applications in diverse material 
synthesis.
16,17
 In order to overcome this difficulty, here we report a new ABC triblock copolymer, 
poly(styrene8-b-3-(methacryloylamino)propyltrimethylammonium chloride100-b-ethylene oxide45) 
(PS8-b-PMAPTAC100-b-PEO45), synthesized by a reversible addition-fragmentation chain 
transfer (RAFT) controlled radical polymerization.
18
 The central PMAPTAC block is ionized 
over a wide pH range in contrast to the P2VP block, which is important when we employ these 
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micelles as nano-reactors. The reactants can be incorporated into the PMAPTAC shell of the PS-
b-PMAPTAC-b-PEO micelles at almost any pH in contrast to the P2VP shell of the PS-b-P2VP-
b-PEO micelles. 
It should be noticed that this polymer has a very short PS chain (degree of polymerization, 
DP = 8). With a short PS chain, the formation of micelles is often quite difficult at low 
concentrations, and therefore the mixed micelle formation was also investigated in the presence 
of counter ions, such as sodium dodecyl sulfate (SDS) and poly (methacrylic acid) (PMAA).  The 
counter ions with a negative charge are expected not only to stabilize the micelles through 
electrostatic binding with a positively charged PMAPTAC shell, but also to offer some 
interesting morphological changes to the micelles. Therefore, some new functional mixed 
micelles were also expected from these molecular self-assemblies. The micelles of the neat 
triblock copolymer and its mixed micelles were characterized by various techniques including 
dynamic light scattering (DLS), electrophoretic light scattering (ELS), scanning electron 
microscopy (SEM), and fluorescence spectroscopy. 
 
 
 
 
 
 
 
Scheme 1. Structure of PS8-b-PMAPTAC100-b-PEO45 employed in this study. 
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2.2 Experimental Section 
2.2.1 Chemicals 
Pyrene (Aldrich), titan yellow (TY, Wako), fluorescein (FL, Aldrich), and SDS (Wako) 
were used without further purification. The PMAA homopolymer (Scientific Polymer Products, 
Inc.) was used as supplied. The molecule weight of PMAA is 15,000. The polymer of PS-b-
PMAPTAC-b-PEO was used as supplied.  
2.2.2 Preparation of Polymeric Micelle 
A weighed polymer was dissolved in water and gently agitated with a magnetic stirrer at 
room temperature for several days. The solution was then transferred to a volumetric flask to 
obtain a stock solution with a final concentration of 1 gL
-1
. A known amount of the stock solution 
was transferred to a 10 mL volumetric flask, and a fluorescence probe and/or other chemicals 
were added to the flask as needed. All the sample solutions were kept at room temperature for 
more than one day before the measurements. 
2.2.3 Characterization 
2.2.3.1 Dynamic Light Scattering Measurements 
The dynamic light scattering (DLS) was measured by an Otsuka ELS-800 at a fixed 90º 
scattering angle. Correlation functions were analyzed by a histogram method and used to 
determine the diffusion coefficient (D) of the nano-complexes in the test sample. The 
hydrodynamic diameter (Dh) was calculated from D using the Stokes-Einstein equation: 
  ,            (1)   
 
where kB is the Boltzmann constant, T is the absolute temperature, and η is the solvent viscosity. 
34 
 
2.2.3.2 Light Scattering Measurements 
The light scattering measurements were carried out using a JASCO FP-6500 fluorescence 
spectrophotometer.  The samples were irradiated with 400 nm light from a 150 W Xe-lamp and 
the scattered light was detected at a right angle configuration. 
2.2.3.3 Zeta-potential Measurements 
The electrophoresis mobility (EPM) was measured with an Otsuka ELS-800. The zeta-
potential was calculated from the EPM using Smoluchowski’s equation: 
 ,                  (2) 
where μE is EPM, ζ is the zeta-potential, and ε is the solvent permittivity. 
2.2.3.4 Fluorescence Spectroscopy 
The fluorescence spectra were recorded by a JASCO FP-6500 fluorescence  
spectrophotometer using right angle geometry.  
2.2.3.5 Scanning Electron Microscopy 
SEM measurements were carried out using a Hitachi S-3000N electron microscope at an 
accelerating voltage of 15 kV. The samples were prepared by dropping the micelle solution onto 
a carbon seal (Nisshin Em Co.) attached to the glass plate, followed by drying in air for one day.  
 
2.3 Results and Discussion 
2.3.1 Micelle Formation of PS-b-PMAPTAC-b-PEO 
We first investigated the micellar behavior of PS-b-PMAPTAC-b-PEO in an aqueous 
solution without adding any amphiphiles. Figure 1a shows the hydrodynamic diameter (Dh) of the 
micelles with respect to different polymer concentrations. For the polymer concentration ranging 
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from 1 to 5 gL
-1
, reasonable hydrodynamic diameters were obtained by the DLS method and no 
reliable data were obtained for concentrations below 1 gL
-1
. The weak scattered light intensity is 
the reason for the lack of reliable data below 1 gL
-1
 and it should be noted in Figure 1a that the 
Dh values on the x-axis do not correspond to 0 nm, but indicates that stable data were not 
obtained.   
In order to determine the critical micelle concentration (cmc), an important parameter of 
polymeric micelles, we have carried out light scattering measurements because the sensitivity of 
the DLS measurement is not high enough to determine the cmc. It is noted from Figure 1b that 
the light intensity increased with the increasing polymer concentration, and a drastic change 
occurred at 5 gL
-1
.  However, this value does not seem to be the cmc, because this concentration 
is almost the same as the concentration at which the DLS intensity was significantly enhanced.  
As we could not get a clear cmc value from the DLS or from light scattering method, we 
carried out fluorescence measurements using pyrene as a probe. It is reported by Winnik and 
coworkers
 19
 that the intensity ratio (so-called I1/I3 ratio) between the 0-0 band (band 1) and the 
b1g vibronic band (band 3) in monomer fluorescence gives the upper bound of the cmc of a 
polymeric micelle, and the excitation spectra give an exact cmc value.  However, we could not 
observe any significant change in both the I1/I3 ratio and excitation spectra (see Figure 2).  One of 
the possible reasons may be that the core of the micelles is not hydrophobic enough to provide a 
nonpolar environment to the pyrene molecule because the PS chain is very short. 
The micelle formation of the PS-b-PMAPTAC-b-PEO polymer was confirmed by SEM 
observations. Figure 3 shows the SEM image of the sample having spherical micelle particles. 
Thus SEM result provided concrete evidence for micelle formation of the present block 
copolymer and the estimated diameter from the SEM (around 100 nm) matches well with that 
obtained by DLS. 
The temperature dependence of the hydrodynamic diameter of these polymeric micelles 
was also investigated and shown in Figure 4. The diameter was measured by DLS at different 
temperatures starting from room temperature to 50 °C. Initially, the observed diameter was found 
to be approximately 100 nm until the temperature reached 35 °C. A further increase in 
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temperature leads to a sharp increase in the micelle’s diameter up to 350 nm. The rapid increase 
in size may be due to the dehydration of the PEO block which results in a secondary aggregation.  
The sharp increase in Dh around 35 °C may open some applications because this temperature is 
close to human body temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Hydrodynamic diameter (Dh) of the micelles PS-b-PMAPTAC-b-PEO as a function of 
concentration of the polymer. (b) Light scattering intensity of micellar solutions of PS-b-PMAPTAC-b-
PEO as a function of the concentration of polymer.  It should be noted in Figure 1a that Dh values on 
the x-axis do not correspond to 0 nm but indicates that stable data was not obtained. 
(a) 
(b) 
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Figure 2. Dependence of I1/I3 ratio of pyrene in the solution of PS-b-PMAPTAC-b-PEO with different 
concentration of the polymer. The concentration of pyrene is 0.6 µM.  All the measurements were 
carried out under an excitation wavelength of 334 nm, and the excitation and emission band passes 
are 5 and 1 nm, respectively.   
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Figure 3. SEM image of the micelles of PS-b-PMAPTAC-b-PEO. The SEM sample was prepared at 
25 °C from a polymer solution with concentration of 1 gL-1. 
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Figure 4. Variation of Dh of the micelles PS-b-PMAPTAC-b-PEO with temperature. All the 
measurements were made from a polymer solution with concentration of 5 gL-1. 
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2.3.2 Mixed Micelles of PS-b-PMAPTAC-b-PEO and SDS 
The formation of mixed micelles based on an electrostatic interaction between the 
positively charged PMAPTAC block in PS-b-PMAPTAC-b-PEO and the added surfactants was 
also examined in the present study. For the investigation, we employed an anionic surfactant 
(SDS), which is expected to interact with the positively charged PMAPTAC shell. To express the 
amount of added SDS, we introduced the concept of apparent degree of neutralization (ADN), 
which is defined by: 
 
 
                                                                                                                                                      .    
(3) 
Figure 5a shows the Dh of the mixed micelles as a function of the polymer concentration 
at 50 % ADN. A nearly uniform micelle size of about 125 nm was obtained when the polymer 
concentration level was above 0.006 gL
-1
 and no reliable DLS data were obtained below that 
concentration. The formation of mixed micelles was also confirmed by the vibronic fine structure 
of the pyrene fluorescence spectra (Figure 5b). The sudden decrease in the I1/I3 ratio above 0.005 
gL
-1
 indicates the upper bound of the critical aggregate concentration (cac).
19
 It should be noted 
that in the presence of SDS, the cac value is significantly low indicating the smooth formation of 
the mixed micelles. The main significance of using SDS is that by neutralizing the positive 
charge of the PMAPTAC block, it increases the hydrophobicity which facilitates the formation of 
core as well as stable micelles. 
We have also explored the PS-b-PMAPTAC-b-PEO micelles for possible stimuli-induced 
morphological changes in the presence of SDS. In the absence of SDS, the PMAPTAC block of 
the PS-b-PMAPTAC-b-PEO micelles is expected to exist in an extended conformation due to the 
repulsion between the positive charges; whereas binding of SDS to the PMAPTAC block may 
lead to a shrunken conformation due to the cancellation of the charges. Figure 6a shows the 
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variation in the hydrodynamic diameters of the mixed SDS/PS-b-PMAPTAC-b-PEO micelles 
with different ADN values. With the addition of SDS, the Dh gradually decreased and the 
solution turned turbid at 60 % ADN. The reduction in the hydrodynamic diameter of the micelles 
clearly indicates that the SDS effectively binds with the cationic PMAPTAC and eliminates the 
repulsive forces between the PMAPTAC blocks.  
The variation in the zeta-potential with ADN is shown in Figure 6b. The successive 
addition of SDS resulted in a continuous decrease in the zeta-potential from 67.3 to 51.8 mV. 
This result indicates that the positive charges on the PS-b-PMAPTAC-b-PEO micelle particle are 
neutralized due to electrostatic binding of the oppositely charged species. 
Figure 7 shows the SEM image of the SDS/PS-b-PMAPTAC-b-PEO mixed micelles at 
50 % AND, and spherical particles with a good dispersivity are clearly observed. This image 
provides clear evidence for the formation of the mixed micelles of PS-b-PMAPTAC-b-PEO and 
SDS.
42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) Effect of concentration over Dh for SDS/PS-b-PMAPTAC-b-PEO mixed micelles 
(ADN=50%). (b) Effect of concentration over I1/I3 ratio of pyrene in SDS/PS-b-PMAPTAC-b-PEO 
solution (ADN=50%). The fluorescence measurements were carried out with an excitation 
wavelength of 334 nm, and the excitation and emission band passes are 5 and 1 nm, respectively.  It 
should be noted in Figure 5a that Dh values on the x-axis do not correspond to 0 nm but indicates 
that stable data was not obtained. 
(a) 
(b) 
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Figure 6. (a) Variation of Dh of mixed micelles SDS/PS-b-PMAPTAC-b-PEO as a function of ADN. 
(b) Variation of zeta-potential (ζ) of mixed micelles SDS/PS-b-PMAPTAC-b-PEO as a function of 
ADN. Concentration of PS-b-PMAPTAC-b-PEO was fixed at 0.1 gL-1 for both the experiments. 
(a) 
(b) 
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Figure 7. SEM image of the micelles SDS/PS-b-PMAPTAC-b-PEO. The SEM sample was prepared 
from a polymer solution with the polymer concentration of  0.1 gL-1 and ADN = 50 %. 
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2.3.3 Mixed Micelles of PS-b-PMAPTAC-b-PEO and PMAA 
Impressed by the above results, we have extended our studies using the combination of 
the PS-b-PMAPTAC-b-PEO copolymer and PMAA,
 
where
 
the latter is expected to have 
application in biological and medical fields, e.g., controlled release of insulin after oral 
administration.
20
 Figure 8 shows the Dh of mixed micelles over a range of polymer concentration 
at 50 % ADN. Nearly uniform micelles with a size of about 120  5 nm were obtained when the 
polymer concentration was raised above 0.006 gL
-1
 indicating the formation of the mixed micelle 
in the presence of PMAA. Figure 9a shows the change in the hydrodynamic diameter of mixed 
micelles, PMAA/PS-b-PMAPTAC-b-PEO, at different ADNs. When PMAA was added to the 
aqueous solution of PS-b-PMAPTAC-b-PEO, the Dh rapidly increased to about 100 nm at 10 % 
ADN and then the increase in the micelle size was rather slow with a further neutralization. The 
moderate increase in the Dh at a low degree of neutralization is attributed to the partial charge 
neutralization of the PMAPTAC blocks by PMAA. Unlike the case of SDS, no morphological 
change from the extended to shrunken conformation was observed, and also, the micellar solution 
did not become turbid even after 150 % ADN. The lack of turbidity formation may be due to the 
hydrophilicity of the residual carboxyl groups present in the methacrylic acid after neutralization.   
The hydrophilic nature of the mixed micelles is implied from the change in the I1/I3 ratio in the 
pyrene fluorescence spectra (see Figure 10).  The I1/I3 ratio shows a very slight change upon 
going from low (0.0001 gL
-1
) to high (0.1 gL
-1
) polymer concentrations. 
Additional proof for the effective binding of PMAA was obtained from the zeta-potential 
measurements (Figure 9b). The positive charge of the PS-b-PMAPTAC-b-PEO micelle particles 
is gradually neutralized during the binding of the oppositely charged PMAA resulting in a 
continuous decrease in the zeta-potential up to 0 mV at about 100 % ADN. However, the addition 
of more PMAA caused a further decrease in the zeta-potential to -22.9 mV indicating the 
presence of excess negative charges in the mixed micelle system. The above results indicate that, 
in addition to the electrostatic interaction, there could be another type of interaction between the 
triblock copolymer and PMAA. Although the exact nature of the interaction is not known, it may 
be: (1) a hydrophobic interaction between PMAA and the PS-b-PMAPTAC-b-PEO, (2) hydrogen 
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bonding between PMAA and the PEO block. The morphology and dispersivity of these mixed 
micelle system is recorded by SEM which is shown in Figure 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Variation of Dh for the mixed micelles PMAA/PS-b-PMAPTAC-b-PEO with respect to 
concentration of PS-b-PMAPTAC-b-PEO (ADN= 50 %). 
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Figure 9. (a) Variation of Dh of mixed micelles PMAA/PS-b-PMAPTAC-b-PEO at different ADN. (b) 
Variation of zeta-potential (ζ) of mixed micelles  PMAA/PS-b-PMAPTAC-b-PEO at different ADN. 
Concentration of PS-b-PMAPTAC-b-PEO is fixed at 0.1 gL-1 for both experiments. 
(a) 
(b) 
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Figure 10. Dependence of I1/I3 ratio of pyrene in the mixed micellar solution of PMAA/PS-b-
PMAPTAC-b-PEO with different concentration of PS-b-PMAPTAC-b-PEO (ADN=50%). The 
concentration of pyrene is 0.6 µM.  All the measurements were carried out under an excitation 
wavelength of 334 nm, and the excitation and emission band passes are 5 and 1 nm, respectively. 
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Figure 11. SEM image of the mixed micelles of PMAA/PS-b-PMAPTAC-b-PEO. The SEM sample 
was prepared from a polymer solution of concentration 0.1 gL-1; ADN= 50 %. 
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2.3.4 Kinetics of Exchange of Organic Dyes between the Micelle Particles  
It is interesting to investigate the kinetics of the exchange of organic dyes between the 
micelle particles, because the exchange kinetics can be related to the drug release from the 
container micelles.  One of the methods to study the exchange kinetics is to use electronic energy 
transfer.
21 
This idea is schematically shown in Figure 12.  We prepared two kinds of micelle 
solutions: one only contains FL and the other only contains TY.  It is known that the electronic 
energy of TY is transferred to FL by a dipole-dipole interaction, resulting in quenching of the TY 
fluorescence and the sensitization of the FL fluorescence.
22,23
 The critical energy transfer distance 
is usually less than 10 nm.  Therefore, the energy transfer quenching of the TY fluorescence and 
sensitization of the FL fluorescence will effectively occur when both TY and FL are incorporated 
in the same micelle particle, while they will not occur when TY and FL are partitioned among the 
different particles.   We monitored the fluorescence intensity of FL before and after the mixing of 
the two micelle solutions.  If the exchange of the incorporated dyes occurs within the time scale 
of seconds or less (the case B in Figure 12), then we will observe a quick increase in the 
fluorescence intensity of FL.  If it takes hours or a much longer time for the exchange to occur 
(the case A in Figure 12), we will not observe any significant intensity change. 
To investigate the exchange kinetics of the organic dyes between the micelle particles, we 
employed the mixed micelles of PS-b-PMAPTAC-b-PEO and PMAA. Before we examined the 
time profile of the fluorescence intensity of FL, we measured the fluorescence spectra of TY and 
FL in the mixed micelle solutions of PS-b-PMAPTAC-b-PEO and PMAA (Figure 13).  In the 
absence of TY (solid line), there is only one band (around 520 nm) corresponding to the 
fluorescence of FL.  When TY is also present in the micelle (dotted line), we observe two bands, 
one is assigned to TY (around 425 nm), and the other is assigned to FL (around 520 nm).  If we 
compare the two spectra (i.e., the solid and dotted lines), we realize that the fluorescence of FL is 
significantly sensitized by TY.  This fact indicates that the energy transfer from TY to FL 
effectively occurs in the micelle particle, because such a high sensitization does not occur in the 
absence of the micelles (see Figure 14).  In the bulk aqueous solution (i.e., in the absence of the 
micelles), the fluorescence of FL is not increased, but decreased by the presence of TY, because 
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the intensity increase due to the sensitization by TY is much lower than the intensity decrease due 
to the inner filter effect of TY. 
Figure 15 shows a time profile of the fluorescence intensity of FL in the mixed micelle 
solution.  At point A, the sample contains only FL.  We quickly added the solution containing TY 
at point B.  The fluorescence intensity increased rapidly to the level of point C, indicating that the 
TY and FL in different micelle particles rapidly mixed with each other in the same micelle 
particle.  Therefore, we can conclude that the exchange of the incorporated dyes takes places 
within a time scale of seconds. 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Schematic representation for two model cases of the exchange of TY and FL dyes 
between the micelle particles. 
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Figure 13. Fluorescence spectra of FL and TY in the mixed micelles of PS-b-PMAPTAC-b-PEO and 
PMAA.  The solid line indicates the fluorescence spectrum of FL (40 µM) incorporated in the micelles.  
The dotted line shows the fluorescence spectra of TY (2 µM) and FL (20 µM), which are pre-mixed 
before incorporated in the micelles. The polymer concentration and ADN are fixed at 0.1 gL-1 and 
30%, respectively, throughout the experiments.  The samples are excited at 350 nm, and both the 
excitation and emission band passes are 3 nm.  It should be noted that the concentration of FL in the 
solid line spectrum is two times higher than that in the dotted line spectrum. 
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Figure 14. Time dependence of FL fluorescence in the mixed micelle solutions of PMAA/PS-b-
PMAPTAC-b-PEO. The concentration of PS-b-PMAPTAC-b-PEO is 0.1 gL-1 and ADN is 30% through 
the experiment. The concentration of FL is 40µM at point A. The concentrations of FL and TY in the 
end (at point C) are 20 and 2µM, respectively. 
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Figure 15. Fluorescence spectra of FL and TY in aqueous solutions.  The solid line indicates the 
fluorescence spectrum of FL (40 µM) in an aqueous solution.  The dotted line shows the 
fluorescence spectra of the mixture of TY (2 µM) and FL (20 µM) in an aqueous solution. The 
samples are excited at 350 nm, and both the excitation and emission band passes are 3 nm. 
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2.4 Conclusions 
The micelles of PS-b-PMAPTAC-b-PEO have been successfully prepared in aqueous 
solutions. Due to the short PS chain (DP = 8), the formation of micelles is difficult at low 
concentrations, and the micelles are detected by DLS and light scattering only at concentrations 
higher than 1 gL
-1
.  This concentration is considerably higher than that (0.0015 gL
-1
) found 
previously for the same type of triblock copolymer with a longer PS chain (DP = 80).
18
  
The addition of anionic amphiphiles, such as SDS and PMAA, induces the formation of 
mixed micelles at a low concentration level of the polymer (ca. 0.005 gL
-1
). This can be 
ascribed to the insolubilization of the cationic PMAPTAC block due to charge neutralization by 
the anionic amphiphiles.  The binding of SDS or PMAA to the PMAPTAC block is confirmed by 
the zeta-potential measurements.  The zeta-potential decreases with an increase in the amount of 
the added SDS or PMAA, reflecting the charge neutralization of the cationic PMAPTAC block 
with anionic SDS or PMAA.  The mixed micelles were characterized by DLS, SEM and 
fluorescence measurements. The DLS measurements give Dh = 125 nm for the SDS/PS-b-
PMAPTAC-b-PEO mixed micelles and Dh = 120 nm for the PMAA/PS-b-PMAPTAC-b-PEO 
mixed micelles.  The SEM measurements provided clear pictures of the mixed micelles with a 
spherical morphology for both SDS/PS-b-PMAPTAC-b-PEO and PMAA/PS-b-PMAPTAC-b-
PEO systems.  The significant difference between the two systems is that the SDS/PS-b-
PMAPTAC-b-PEO system undergoes precipitation when ADN exceeds 50 %, while the 
PMAA/PS-b-PMAPTAC-b-PEO system does not undergo precipitation even after the ADN 
exceeds 100 %.  This difference may be attributed to the hydrophilicity of the residual carboxyl 
groups present in PMAA after neutralization.   
The exchange kinetics of organic dyes between the micelle particles of the PMAA/PS-b-
PMAPTAC-b-PEO system was investigated by a fluorescence technique which is based on 
electronic energy transfer from TY to FL.  This result indicated that the exchange of the dyes 
between the micelle particles takes places within a time scale of seconds. 
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Chapter 3 
 
Physicochemical Properties of Micelles of Poly (styrene80-b-
[3-(methacryloylamino)propyl]trimethylammonium 
chloride106-b-ethylene oxide47) in Aqueous Solutions 
 
The micelles of poly(styrene80-b-3-(methacryloylamino)propyltrimethylammonium 
chloride106-b-ethylene oxide47) (PS80-b-PMAPTAC106-b-PEO47) have been successfully prepared 
in aqueous solutions, and been characterized by various techniques including dynamic light 
scattering (DLS), scanning electron microscopy (SEM), transmission electron microscopy (TEM) 
and fluorescence spectroscopy. The micelle consists of a PS core, PMAPTAC shell, and PEO 
corona.  It was revealed by SEM and DLS measurements that the micelles have a spherical 
structure with a hydrodynamic diameter about 75 nm. The addition of tungstate to the micellar 
solution caused a morphological change in the micelles from extended to shrunken spheres, 
which can be attributed to the fact that the electrostatic repulsion among the cationic PMAPTAC 
blocks is cancelled by the negative charge of the bound tungstate ions.  Effective incorporation of 
tungstate ions into the micelles were confirmed by TEM and zeta-potential measurements.  
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3.1 Introduction 
When a block copolymer is dissolved in a selective solvent, which is poor for one block 
and good for the other block(s), the insoluble block aggregates into a dense micellar core 
surrounded by a corona formed by the soluble block.
1
  Such micellar structures formed by the AB 
diblock and ABA symmetric triblock copolymers have attracted much attention for their potential 
applications both in industry and in basic research, which include drug delivery systems, reactors 
for nano-particle formation, and separation techniques.
2,3
  Despite the fact that there are many 
studies on the micelles of the AB diblock and ABA symmetric triblock copolymers, only a few 
investigations have been reported so far about the micelles of ABC asymmetric triblock polymers, 
although they are expected to form micelles and other type of assemblies with many more 
functionalities than the micelles of the AB diblock and ABA triblock copolymers.
4-5
 The typical 
examples of the architectures of ABC triblock copolymer micelles are core-shell-corona micelle
6-
8
, mixed corona micelle, and  “Janus” micelle.9  
Gohy et al.
10,11
 reported on the formation of micelles from the polystyrene-block-poly(2-
vinylpyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEO) triblock copolymer, which has a 
PS core, P2VP shell, and PEO corona in aqueous solutions. They found that the micelles undergo 
a pH-sensitive morphological change from shrunken to extended spheres as the pH of the 
solution is lowered.  This is due to the protonation of the P2VP block at a pH lower than 5, which 
causes electrostatic repulsion between the protonated P2VP chains.  Stepanek et al.
12
 also studied 
the micelle formation of PS-b-P2VP-b-PEO, and reported the pH-provoked aggregation of the 
micelles in aqueous solutions. According to them, the aggregation tendency is lower under acidic 
conditions, but it becomes higher in neutral and alkaline solutions. The aggregation seems to be 
reversible and spontaneously occurs with a change in the external conditions. Nakashima et al.
13-
15
 investigated the morphological change in the PS-b-P2VP-b-PEO micelles induced by the 
binding of various anions such as tungstate, cloxacillin sodium, and sodium dodecyl sulfate. 
 
When the positive charge of the P2VP chain is cancelled by these anions, the P2VP block has a 
shrunken conformation, resulting in a decrease in the size of the micelle.  Several other examples 
of the micelle formation of ABC triblock copolymers have been extensively reviewed by 
Nakashima and Bahadur.
5
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In the present study, we synthesized a new ABC triblock copolymer, poly(styrene80-b-3-
(methacryloylamino)propyltrimethylammonium chloride106-b-ethylene oxide47) (PS80-b-
PMAPTAC106-b-PEO47) via a reversible addition-fragmentation chain transfer (RAFT) controlled 
radical polymerization, which is expected to form core-shell-corona micelles in aqueous solutions 
(Scheme 1).  This polymer is different from PS-b-P2VP-b-PEO in that the central PMAPTAC 
block is ionized over a wide pH range in contrast to the P2VP block which is ionized only under 
acidic conditions.  This difference is important when we employ the micelles as nano-containers 
and nano-reactors.
16
 For example the reactants can be incorporated in the PMAPTAC shell of the 
PS-b-PMAPTAC-b-PEO micelles at any pH, while they can be loaded in the P2VP shell of the 
PS-b-P2VP-b-PEO micelles only under acidic conditions. Therefore, PS-b-PMAPTAC-b-PEO 
seems to be more advantageous than PS-b-P2VP-b-PEO for such applications.   
Before we apply the micelles of PS-b-PMAPTAC-b-PEO to various aspects, it is 
important to elucidate their physicochemical properties.  We have thus investigated the nature of 
the PS-b-PMAPTAC-b-PEO micelle by various techniques including dynamic light scattering 
(DLS), electrophoretic light scattering (ELS), scanning electron microscopy (SEM), 
transmittance electron microscopy (TEM) and fluorescence spectroscopy. 
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Scheme 1.  Synthesis of PS-b-PMAPTAC-b-PEO via RAFT controlled radical polymerization. 
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3.2 Experimental Section 
3.2.1 Chemicals   
Sodium tungstate from Wako Pure Chemicals, pyrene from Aldrich and the 1,3,6,8-
pyrene-tetrasulfonic acid tetrasodium salt from Molecular Probes were used without further 
purification. The polymer of PS-b-PMAPTAC-b-PEO was used as supplied. 
3.2.2 Preparation of Polymeric Micelle 
A weighed polymer was dissolved in water and gently agitated with a magnetic stirrer at 
room temperature for several days. The solution was then transferred to a volumetric flask to 
obtain a stock solution with a final concentration of 1 gL
-1
. A known amount of the stock solution 
was transferred to a 10 mL volumetric flask, and a fluorescence probe and/or other chemicals 
were added to the flask as needed. All the sample solutions were kept at room temperature for 
more than one day before the measurements. 
3.2.3 Characterization 
3.2.3.1 Dynamic Light Scattering Measurements 
The dynamic light scattering (DLS) was measured by an Otsuka ELS-8000 at a fixed 90º 
scattering angle. Correlation functions were analyzed by a histogram method and used to 
determine the diffusion coefficient (D) of the nano-complexes in the test sample. The 
hydrodynamic diameter (Dh) was calculated from D using the Stokes-Einstein equation: 
  ,     (1)   
 
where kB is the Boltzmann constant, T is the absolute temperature, and η is the solvent viscosity. 
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3.2.3.2 Light Scattering Measurements 
The light scattering measurements were carried out using a JASCO FP-6500 fluorescence 
spectrophotometer.  The samples were irradiated with 650 nm light from a 150 W Xe-lamp, and 
the scattered light was detected at a right angle configuration. 
3.2.3.3 Zeta-potential Measurements 
The electrophoresis mobility (EPM) was measured by an Otsuka ELS-8000. The zeta-
potential was calculated from the EPM using Smoluchowski’s equation: 
 ,       (2) 
where μE is EPM, ζ is the zeta-potential, and ε is the permittivity of solvent. 
3.2.3.4 Fluorescence Spectroscopy 
The fluorescence spectra were recorded by a JASCO FP-6500 fluorescence 
spectrophotometer using right angle geometry. Pyrene and 1,3,6,8-pyrene-tetrasulfonate are 
excited with 325 and 350 nm light, respectively.  The excitation and emission band passes are 5 
and 1 nm, respectively, for both probes. 
3.2.3.5 Scanning Electron Microscopy 
SEM measurements were carried out by a Hitachi S-3000N electron microscope at an 
accelerating voltage of 15 kV. The samples were prepared by dropping the micelle solution onto 
a carbon seal (Nisshin Em Co.) attached to the glass plate, followed by dying in air for one day.   
3.2.3.6 Transmission Electron Microscopy 
The TEM measurements were carried out using a JEM-2000FX electron microscope at an 
accelerating voltage of 80 kV. The samples were prepared by casting one drop of the micelle 
solution onto a copper grid on a glass plate. The samples were then dried in air for one day.   
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3.3 Results and Discussion 
3.3.1 Characterization of the Micelles  
The micelle formation of PS-b-PMAPTAC-b-PEO was confirmed by SEM measurements. 
Figure 1 represents the SEM image of the sample, showing spherical micelle particles. This 
picture provides clear evidence for micelle formation of the block copolymer. 
We carried out DLS measurements at various polymer concentrations to get the 
hydrodynamic diameter of the micelle.  The hydrodynamic diameter shows almost a constant 
value (about 75 nm) at the polymer concentration ranging from 0.015 to 0.06 gL
-1
 (Figure 2).  
The polydispersity index (PDI) values for the micelle diameter range from 0.056 to 0.119, 
indicating that the micelle size is close to monodispersive distribution. Below the concentration 
of 0.015 gL
-1
, the scattered light intensity was so weak that we could not obtain reliable data. 
The critical micelle concentration (CMC) is an interesting parameter of polymeric 
micelles.  As the sensitivity of the DLS measurement is not high enough to determine the CMC, 
we carried out light scattering and fluorescence measurements. For the fluorescence measurement, 
we employed pyrene
17-19
 as a fluorescent probe, and monitored the intensity ratio between the 0-0 
and b1g vibronic bands (I1/I3) in the fine-structured monomer fluorescence, because it is a good 
measure of the polarity of the microenvironment of the probe molecule.
20-22
  However, it is 
difficult to determine the CMC, because we could not find a point where the light scattering 
intensity and the I1/I3 value showed a drastic change (Figure 3 and Figure 4).  The reason for 
failing to determine the CMC is currently unclear.  One of the possible reasons is that the present 
polymer forms frozen micelles
23
 in which the exchange of the unimer between the micelle and 
aqueous bulk phase is kinetically frozen.  To get the information about the frozen nature of the 
micelle, we carried out NMR measurements.  It is known that the aromatic proton signals are 
absent in the NMR chart if polystyrene forms a frozen core.  As we expected, we did not detect 
the aromatic proton signals in the present case.  This fact suggests that the micelle has a frozen 
nature.  As the glass transition temperature of the PS is estimated to be 88 °C from its molecular 
weight,
24
  it is highly probable that the micelle has a frozen core. 
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Figure 1. SEM image of the micelles of PS-b-PMAPTAC-b-PEO. The SEM sample was prepared 
from a polymer solution with the concentration of 0.1 gL-1. 
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Figure 2. Hydrodynamic diameter (Dh) of the micelles of PS-b-PMAPTAC-b-PEO as a function of the 
concentration of the polymer. The PDI values are 0.056~0.119 depending on the samples. Below the 
concentration of 0.015 gL-1, the scattered light intensity was so weak that we could not obtain reliable 
data. Thus, we plotted the data on the Dh = 0 nm line in this figure for the samples with a 
concentration below 0.015 gL-1. 
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Figure 3. Light scattering intensity of micellar solutions of PS-b-PMAPTAC-b-PEO as a function of 
the concentration of the polymer. 
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Figure 4. Fluorescence intensity of Pyrene in micellar solutions of PS-b-PMAPTAC-b-PEO as a 
function of the polymer concentration. 
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3.3.2 Morphological Change of the Micelles Induced by Incorporation of Tungstate 
         It is interesting to examine if the PS-b-PMAPTAC-b-PEO micelles undergo a stimuli-
induced morphological change like the PS-b-P2VP-b-PEO micelles.
10,11,13-15
  It is expected in the 
PS-b-PMAPTAC-b-PEO micelles that the PMAPTAC block has an extended conformation in the 
absence of the counter ion, whereas it has a shrunken conformation if an anion binds to this block.  
We tried to induce the morphological change in this polymer using tungstate as the counter ion. 
To express the amount of the added tungstate, we introduced an apparent degree of 
neutralization (ADN), which is defined by: 
         .   (3) 
Figure 5 shows the dependence of Dh of the tungstate/PS-b-PMAPTAC-b-PEO 
nanoaggregates on the ADN. When tungstate is added to the PS-b-PMAPTAC-b-PEO micellar 
solutions, Dh decreased with an increasing amount of tungstate (i.e. ADN), and finally reached a 
constant value (~ 65 nm). This size change suggests that the micelle was shrunken by the binding 
of tungstate due to the cancellation of the repulsive forces among the cationic PMAPTAC blocks. 
It is realized from Figure 8 that the Dh value continues to decrease until ADN becomes 125 %.  
This implies that all of the added tungstate is not bound to the polymeric micelle, but 80 % of the 
tungstate are bound to the micelle.  This is the reason why we introduced the concept of the 
apparent degree of neutralization.    
It should be noted here that the large change in Dh indicates a core-shell-corona structure 
of the PS-b-PMAPTAC-b-PEO micelle.  If the micelle had a mixed corona or Janus structure, we 
would not observe such a large change in Dh, because PEO chain would keep the corona structure 
after the PMAPTAC block was shrunken.  In addition, we did not observe precipitation of the 
micelle even if the amount of the tungstate was increased over 100 % ADN.  This fact also 
indicates that the micelle has the core-shell-corona structure, because the micelle would become 
very unstable if the PMAPTAC block was electrically neutralized with tungstate in the mixed 
corona or Janus structure. 
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In order to confirm the binding of tungstate to the micelle of PS-b-PMAPTAC-b-PEO, we 
carried out zeta-potential measurements. Figure 6 shows the dependence of the zeta-potential of 
the complex on ADN. The successive addition of tungstate resulted in a continuous decrease in 
the zeta-potential from 67.3 to 0 mV. This indicates that the positive charge of the PS-b-
PMAPTAC-b-PEO micelle particle is neutralized by the negative tungstate.  The zeta-potential 
becomes 0 mV at ADN=125 % (not at 100 %), indicating that 80 % of tungstate are bound to the 
polymeric micelles. 
Figure 7 shows a TEM image of the tungstate/PS-b-PMAPTAC-b-PEO complex. We can 
see several spherical particles with a dark periphery.  The dark portion of the particles 
corresponds to the PMAPTAC block of the micelle stained with tungstate.  This TEM picture 
clearly shows the effective incorporation of tungstate into the micelle.  It should be noted here 
that there are also spherical particles without a dark periphery.  The reason for the existence of 
such particles is currently unclear.  One of the possible reasons is that the difference between the 
micelles with and without the ring arises from the content of tungstate.  If the micelle is strongly 
stained with tungstate, it will show the ring.  However, if the micelle is weakly stained with 
tungstate, it will show the slightly dark spherical shape without the ring. 
In order to obtain an insight into the properties of the tungstate/PS-b-PMAPTAC-b-PEO 
complexes, we measured the fluorescence spectra of 1,3,6,8-pyrene-tetrasulfonate in the complex 
solution. Figure 8 represents the fluorescence spectra of 1,3,6,8-pyrene-tetrasulfonate in the 
presence and absence of tungstate in the micellar solutions. As this probe has a negative charge, it 
is expected for the probe to be effectively incorporated into the positive PMAPTAC block of the 
micelle.  The concentration of the probe is designed to be so low that it cannot interfere with the 
complex formation between the polymer and tungstate.  As seen in Figure 8, the fluorescence 
intensity of 1,3,6,8-pyrene-tetrasulfonate is continuously increased with the increase in the 
tungstate concentration, and finally reached a constant value at ADN=150%.  The increase in the 
fluorescence intensity implies that the interior of the tungstate/PS-b-PMAPTAC-b-PEO 
complexes becomes compact and viscous as the tungstate concentration increased.  The viscous 
environment of the probe molecules suppresses the thermal deactivation of the fluorescent state 
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(i.e., the first excited singlet state), leading to the increase in the fluorescence quantum yield of 
the probe.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Dependence of Dh of tungstate/PS-b-PMAPTAC-b-PEO on ADN. Concentration of PS-b-
PMAPTAC-b-PEO is fixed at 0.02 gL-1. The PDI values are 0.093~0.166 depending on the samples. 
72 
 
 
 
 
 
 
 
 
 
Figure 6. Dependence of zeta-potential (ζ) of tungstate/PS-b-PMAPTAC-b-PEO on ADN. 
Concentration of PS-b-PMAPTAC-b-PEO is fixed at 0.02 gL-1. 
 
 
 
 
 
 
 
 
 
Figure 7. TEM image of the micelles of PS-b-PMAPTAC-b-PEO (0.02 gL-1) after tungstate was 
added (ADN=250). 
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Figure 8. (a) Fluorescence spectra of 1,3,6,8-pyrene-tetrasulfonate in the solutions of tungstate/PS-
b-PMAPTAC-b-PEO complexes. The samples are excited by 350 nm light, and the excitation and 
emission band passes are 5 and 1 nm, respectively.  The concentrations of PS-b-PMAPTAC-b-PEO 
and 1,3,6,8-pyrene-tetrasulfonate were fixed at 0.02 gL-1 and 1μM, respectively.  The concentration 
of tungstate is given in the unit of ADN in the figure.  (b) Dependence of the fluorescence intensity of 
1,3,6,8-pyrene-tetrasulfoate on the concentration of tungstate for the constant concentrations of the 
polymer and the probe.  This plot is constructed from the spectra in Figure 11a. 
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3.4 Conclusions 
A new ABC type triblock copolymer, PS-b-PMAPTAC-b-PEO, was synthesized by the 
RAFT controlled radical polymerization.  The degree of polymerization of the polymer is 80, 106, 
and 47 for the PS, PMAPTAC, and PEO blocks, respectively, as measured by NMR and GPC.   
The micelle of PS-b-PMAPTAC-b-PEO was prepared in an aqueous solution. The micelle 
consists of a PS core, PMAPTAC shell, and PEO corona.  SEM and DLS measurements revealed 
that the micelles have a monodispersed spherical structure with Dh = ca. 75 nm.   
A morphological change in the micelle from extended to shrunken spheres was observed 
by incorporating the tungstate anion into the micelle.  This morphological change is induced by 
cancellation of the electrostatic repulsion among the cationic PMAPTAC blocks with a negative 
charge of the bound tungstate ions. The TEM measurements gave clear pictures of the 
tungstate/PS-b-PMAPTAC-b-PEO complex, in which the PMAPTAC block is selectively stained 
with tungstate.  Electrophoretic light scattering measurements clarified that the zeta-potential of 
the tungstate/PS-b-PMAPTAC-b-PEO complex particles changes from positive to zero as the 
amount of tungstate increased. These results strongly indicate that the tungstate ions are 
effectively incorporated into the micelles, leading to the formation of the inorganic-organic 
composite nanoparticles. 
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Chapter 4 
 
Synthesis of Hollow Silica Nanospheres Templated by 
Micelles of Poly (styrene80-b-[3-(methacryloylamino) 
propyl]trimethylammonium chloride106 -b- ethylene 
oxide47) 
 
A micelle of poly(styrene80-b-[3-(methacryloylamino)propyl]trimethylammonium 
chloride106-b-ethylene oxide47) with core-shell-corona architecture in aqueous solutions has 
been successfully applied to the synthesis of hollow silica nanospheres as a new template. 
Tetramethoxysilane, phenyltrimethoxysilane and their mixtures were used as silica precursors 
and the ratio of the precursor to the template influences the shell thickness of the obtained 
hollow silica. 
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4.1 Introduction 
Silica hollow spheres have been prepared by templating routes that make use of 
polystyrene latex spheres,1,2 colloidal arrays,3 vesicles,4,5 and lyotropic liquid crystals6-8. 
Templates are often indispensable as not only do they stabilize these nanoparticles but also 
arrange them into desired superstructures.9-11 However, most of these approaches produce 
non-uniform spheres, have shells of undesirable thickness, lack structural stability, or require 
high temperature routes.  
Recently, polymeric micelles have been explored for the synthesis of nanoparticles 
because the size and morphology of the micelles can be tuned by adjusting block size and 
polymer combination.7,8,11 The commonly used polymeric micelles exclusively contain a 
core-corona architecture formed by AB diblock or ABA triblock copolymers.12-14 However, 
the use of these polymers has inherent drawbacks because the template micelles become very 
unstable when the inorganic precursor is adsorbed into the corona which often gives second 
order or higher-order aggregates. In order to overcome these difficulties, ABC triblock 
copolymeric micelles of poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS-b-PVP-b-PEO) 
with core-shell-corona structure have been explored and successfully used for the fabrication 
of uniform hollow silica nanospheres in our laboratory.15,16 For core-shell-corona micelles, 
the shell of the micelles acts as a reservoir of the precursor of desired inorganic material, and 
the core acts as a template of the hollow void.  The corona stabilizes the precursor-loaded 
micelles by steric repulsion to prevent the formation of the secondary aggregates.  
In order to generalize the strategy of core-shell-corona micelles, we have prepared a 
new ABC triblock copolymer micelle of poly(styrene80-b-[3-(methacryloylamino)propyl] 
trimethylammonium chloride106-b-ethylene oxide47) (PS80-b-PMAPTAC106-b-PEO47) and 
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explored the synthesis of hollow silica nanospheres. A typical ABC triblock polymer with 
each block length employed in the present study is shown in Scheme 1.17 The micelle formed 
from PS-b-PMAPTAC-b-PEO gave a core-shell-corona architecture in aqueous solution, i.e. 
the PS block forms the core, positively charged PMAPTAC acts as the shell, and PEO as the 
corona. Silica sources such as tetramethoxysilane (TMOS), phenyltrimethoxysilane (PTMOS) 
and their mixtures were used to synthesize the hollow silicas. Scheme 2 depicts the schematic 
representation of formation of hollow silica nanospheres. 
 
 
 
 
Scheme 1.  Structure of PS-b-PMAPTAC-b-PEO copolymer employed in this study. 
 
 
 
 
 
Scheme 2.  Fabrication of hollow silica nanospheres from mixed precursor of TMOS and PTMOS, 
template by PS-b-PMAPTAC-b-PEO micelle. 
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4.2 Experimental 
4.2.1 Chemicals 
Tetramethoxysilane and phenyltrimethoxysilane from Shin Etsu Silicon Chemicals 
were used without further purification. The polymer of PS-b-PMAPTAC-b-PEO was used as 
supplied. 
4.2.2 Preparation of the PS-b-PMAPTAC-b-PEO Micelle (Template) 
The PS-b-PMAPTAC-b-PEO triblock copolymer was synthesized via a reversible 
addition-fragmentation chain transfer controlled radical polymerization and the 
number-average degree of polymerization for each block was estimated to be 47, 106, and 80 
by 1H NMR.18 The polymer was then dissolved in H2O to prepare polymeric micelle  
(template) solution at an initial concentration of 1 gL-1.  
4.2.3 Preparation of Hollow Silica Nanospheres 
An appropriate amount of TMOS or mixture of TMOS and PTMOS was mixed with 5 
mL of polymeric micelle solution (1 gL-1) and the solution was gently stirred for 3 days using 
a magnetic stirrer and stored for 2 more days to allow the complete condensation of silica by 
sol-gel reaction. The silica/polymer composite particles were separated by centrifugation and 
dried in an oven at 50 ºC. Template polymer was removed by calcinations at 500 °C for 4 h in 
air (ramping rate: 8 ˚C /min).  
4.2.4 Characterization 
Zeta-potential was calculated from the electrophoresis mobility (EPM, measured with 
an Otsuka ELS-800) using Smoluchowski’s equation:  
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  ,                                                                                                    
(1) 
where  E is EPM,   is the zeta-potential, and   is the permittivity of solvent. Transmission 
electron microscope (TEM) images were obtained using a JEOL JEM-1210 electron 
microscope at an accelerating voltage of 80 kV. The TEM sample for the micelle particles 
was prepared by casting one drop of the micelle solution onto a copper grid, followed by 
drying in air for one day. The micelle particles were stained with phosphotungstic acid. To 
prepare the TEM sample for the hollow particles, the dried powders were dispersed in water. 
Then, one drop of the dispersion was casted on a copper grid, followed by drying in air for 
one day. 
 
4.3 Results and Discussion  
4.3.1 Characterization of the PS-b-PMAPTAC-b-PEO Micelle (Template) 
The hydrodynamic diameter of thus prepared PS-b-PMAPTAC-b-PEO micelle was 
measured by dynamic light scattering (Otsuka ELS-800 spectrophotometer) and the value was 
found to be 75 nm. Transmission electron microscopy (TEM, using a JEOL JEM-1210, 80 kV) 
of the same micelle sample stained with phosphotungstic acid revealed spherical morphology 
and gave white spheres of a 22 nm average diameter which correspond to the hard PS core as 
shown in Figure 1. The TEM observation revealed lower micelle size than the dynamic light 
scattering experiments mainly because TEM accounts for only the core-shell and excludes the 
corona and furthermore the shell also shrunk due to staining with phosphotungstic acid. In the 
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present study, similar to PS-b-PVP-b-PEO, the PMAPTAC block (shell) acts as a reaction 
field for the sol-gel reaction. Another important feature of this micelle is that it can be ionized 
over a wide range of pH from acidic to basic conditions unlike PS-b-PVP-b-PEO which is 
ionized below pH 5. Therefore, this polymer is advantageous for the synthesis of various 
kinds of inorganic hollow nanoparticles. 
 
 
 
 
 
 
Figure 1.  TEM image of the PS-b-PMAPTAC-b-PEO micelle (1 gL-1). The micelle was stained 
with phosphotungstic acid. 
 
4.3.2 Characterization of Hollow Silica Nanospheres 
FT IR spectra of calcined silica (Figure 2) shows the absence of –C=C– bond vibration 
of the phenyl group at 1600-1430 cm-1 and the CH2 vibration of the polymer backbone at 
3000-2800 cm-1 indicating the complete removal of the polymer.17 Different samples with 
varying wall thickness and void space prepared under the present study are listed in Table 1.17 
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Figure 3 exhibits a typical TEM image of hollow silica synthesized using 
TMOS/PTMOS ratio of 1. TEM images of samples with different precursor ratios are given in 
Figure 4.17 It is seen from TEM observation that all particles show a nearly uniform spherical 
shape with a narrow size-distribution. The cavity size and silica wall thickness were 
calculated from the TEM pictures. Samples with different template/precursor molar ratio of 
1:10, 1:20, and 1:30 (at TMOS/PTMOS = 1) show wall thickness of 11.1 nm, 14.0 nm, and 
14.6 nm, respectively. The void space diameters of these samples are in the range of 18.1 – 
19.1 nm. The detailed description of other samples under the present investigation is provided 
in Table 1.17 
 
 
 
 
 
 
 
 
 
 
Figure 2.  TEM image of hollow silica nanospheres prepared by templating the 
PS-b-PMAPTAC-b-PEO micelle. TMOS/PTMOS = 1 and template: precursor = 1:20. 
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Figure 3.   FTIR spectra of silica/template hybrid (a) before and (b) after calcination. It is clear 
from the FTIR spectra that the –C=C– bond vibration of the phenyl group (1600-1430 cm-1) and 
the CH2 bond vibration of the polymer backbone (3000-2800 cm
-1) are disappeared after 
calcinations, which confirmed the completely removal of the polymeric template. 
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Figure 4.  TEM images of hollow silica nanospheres prepared by templating the 
PS-b-PMAPTAC-b-PEO micelle.  (a) TMOS as precursor and template: precursor = 1:30; (b) a 
mixture of TMOS/PTMOS=3 as precursor and template: precursor = 1:10. 
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Table 1.   Void space diameters and shell thicknesses of the hollow silica nanospheres 
 
Precursor Template:precursor Void space diameter/nm Wall thickness/nm 
TMOS 
1:10 18.2±4.3 12.8±1.7 
1:20 18.4±3.1 14.0±1.4 
1:30 20.7±3.8 14.3±1.4 
TMOS/PTMOS=3 
1:10 18.0±1.6 11.7±1.2 
1:20 17.8±0.8 13.9±0.5 
1:30 17.3±0.9 15.6±1.2 
TMOS/PTMOS=1 
1:10 19.1±0.8 11.1±0.9 
1:20 18.1±0.9 14.0±0.6 
1:30 18.9±1.9 14.6±1.4 
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It should be noted here that high-temperature template removal sometimes leads to 
aggregation and breakage of silica hollow particles. It is also worth mentioning that the wall 
thickness of the silica wall prepared by PS-b-PMAPTAC-b-PEO template in the present study 
is slightly larger than that in the previous study using PS-b-PVP-b-PEO template. This may 
be due to the reason that PVP is not completely ionized at pH 5 in the latter case. 
The notable feature of micelles with core-shell-corona structure is that wall thickness 
can be tuned simply by changing the precursor concentrations. In the case of TMOS as 
precursor, the wall thickness increases from 12.8 nm to 14.3 nm when template: precursor 
ratios changed from 1:10 to 1:30. A similar trend was also noticed for mixed silica precursors 
of TMOS and PTMOS. The increased wall thickness may be attributed to extensive 
hydrolysis and cross-linking of silica species. Furthermore, one should expect the size of void 
space of hollow silica be 22 nm as that of PS core estimated from TEM image of stained 
micelles. However, shrinking needed to be accounted for because hollow inorganic oxides 
might shrink during calcinations to a different degree, and which would result in minor 
differences between cavity sizes.10, 15, 16, 18, 19 We noted that the obtained cavity diameter of 
silica was between 17.3 nm and 20.7 nm, which corresponds to a shrinkage between 21 % and 
6 % compared to the original value of the PS core. In addition, the use of PTMOS not only 
leads to pronounced shrinkage as observed in the present study but also expected to lower the 
density of silica. 
The introduction of organic moieties within the silicate network may further tailor the 
functionality of the hollow nanospheres. Integration of organic moieties into the framework 
will modify the surface properties of the materials and also endow the hollow silica with 
different physical and mechanical properties. Our preliminary investigation shows that hollow 
silica could be readily synthesized by replacing 50 % of TMOS by phenyltrimethoxysilane. 
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However the yield of silica decreased mainly due to difference in the rate of hydrolysis and 
overall co-condensation of mixed silica precursors. Furthermore, to induce porosity in the 
shell, the polymer/hybrid silica composite was calcined but nitrogen adsorption data reveals 
no porosity in the shell. Further investigations are underway to synthesize hollow spheres 
with porosity within the shell. 
 
4.4 Conclusions 
In summary, we have generalized the suitability of core-shell-corona micelles toward 
synthesis of hollow silica nanospheres by employing a polymeric micelle of 
PS-b-PMAPTAC-b-PEO as a new template. Polymer/precursor ratios influenced the wall 
thickness of obtained hollow silica nanospheres. Mixed silica precursors smoothly produced 
nanoparticles under similar experimental conditions. 
  
89 
 
4.5 References 
1. D. Walsh, B. Lebeau, S. Mann, Adv. Mater. 1999, 11, 324. 
2. D.H.W. Hubert, M. Jung, P. M. Frederik, P. H. H. Bomans, J. Meuldijk, A. L. German, Adv. 
Mater. 2000, 12, 1286. 
3. O. D. Velev, T. A. Jede, R. F. Lobo, A. M. Lenhoff, Nature 1997, 389, 448. 
4. S. S. Kim, W. Zhang, T. J. Pinnavaia, Science 1998, 282, 1302. 
5. D. Lootens, C. Vautrin, H. van Damme, T. Zemb, J. Mater. Chem. 2003, 13, 2072. 
6. C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, J. S. Beck, Nature 1992, 359, 710. 
7. R. K. Rana, Y. Mastai, A. Gedanken, Adv. Mater. 2002, 14, 1414. 
8. C. E. Fowler, D. Khushalani, S. Mann, Chem. Commun. 2001, 2028. 
9. F. Caruso, R. A. Caruso, H. Mohwald, Science 1998, 282, 1111. 
10. A. Syoufian, Y. Inoue, M. Yada, K. Nakashima, Mater. Lett. 2007, 61, 1572 
11. D. E. Bergbreiter, Angew. Chem., Int. Ed. 1999, 38, 2870 
12. E. Kramer, S. Forster, C. Goltner, M. Antonietti, Langmuir 1998, 14, 2027. 
13. L. Qi, J. Li, J. Ma, Adv. Mater. 2002, 14, 300. 
14. Y. Ma, L. Qi, J. Ma, H. Cheng, Langmuir 2003, 19, 4040. 
15. A. Khanal, Y. Inoue, M. Yada, and K. Nakashima, J. Am. Chem., Soc. 2007, 129, 1534. 
16. D. Liu, A. Khanal, K. Nakashima, Y. Inoue, M. Yada, Chem. Lett. 2009, 38(2), 130  
17. J. J. Liu, D. Liu, Y. Yokoyama, S. Yusa, and K. Nakashima, Langmuir 2009, 25, 739. 
90 
 
18. G. K. Li, and C. Z. Zhang, Mater. Lett.2004, 58, 2768. 
91 
 
Chapter 5 
 
Novel hollow WO3 and MoO3 nanospheres as synthesized 
by polymeric micelle template with core-shell-corona 
architecture 
 
WO3 and MoO3 hollow nanospheres of sizes 14 nm and 16 nm, respectively, were 
successfully synthesized under mild experimental conditions using a polymeric micelle of 
poly(styrene80-b-[3-(methacryloylamino)propyl]trimethylammonium chloride106-b-ethylene 
oxide47) with core-shell-corona architecture in aqueous solutions.  
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5.1 Introduction 
Hollow nanostructures are of significant interest in many current and emerging areas 
of material science.1,2 The development of new morphologies for transition-metal oxides has a 
wide range of potential applications. In particular, nanostructured tungsten oxide (WO3) and 
molybdenum oxide (MoO3) are of significant interest due to their applications in gas sensors, 
photocatalysts, electrochromic devices, field-emission devices, and solar energy.3,4 
Molybdenum trioxide, for example, is an important catalyst for olefin metathesis reactions5 
and electrochemical devices and displays because of its layered structure along with the easy 
formation of the Mo(VI)/Mo(V) couple.6,7 Among the various nano-sized morphologies, 
hollow nanospheres, especially those with a uniform size and shape have attracted much 
attention because of their low density, large specific area, and mechanical and thermal 
stabilities.8-11 Although dense molybdenum nanoparticles are reported for MoO3,
12,13 no 
hollow MoO3 nanosphere has yet to be reported. Micrometer-sized hollow SrWO4 and WO3 
were synthesized by Ostwald ripening and the calcination of tungstate precursors at high 
temperatures.14,15 However, these microspheres were obtained under severe experimental 
conditions or on special substrates.  Furthermore, nanometer-sized hollow WO3 spheres have 
not yet been reported.  Therefore, the organization of MoO3 and WO3 into well-defined 
uniform hollow nanospheres under mild experimental conditions still remains a challenging 
task.  
For the synthesis of different nanostructures for diverse applications, templates are 
often indispensable because they not only stabilize these nanoparticles, but also arrange them 
into the desired superstructures. For this purpose, core-corona type micelles of AB diblock 
and ABA symmetric triblock copolymers were used an advantageous template.16-19 However, 
these micelles suffer from being unstable after the precursors of the materials are sorbed into 
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the corona domain. Recently, an ABC asymmetric triblock copolymeric micelle of 
poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS-b-PVP-b-PEO) with a 
core-shell-corona structure has been successfully used for the fabrication of hollow silica 
nanospheres in our laboratory.20  The significance of this template is that each domain of the 
micelle has its own function.  The PS core acts as a template of the cavity, the PVP shell 
plays the role of a reservoir and reaction site for the silica precursors and the PEO corona 
stabilizes the template-precursor hybrid particles and prevents the formation of secondary 
aggregates in the aqueous solution. However, the use of the PS-b-PVP-b-PEO micelle as the 
template is restricted to acidic solutions, because the PVP block does not work as the reservoir 
and reaction site for the silica precursors in neutral and basic solutions due to its poor 
solubility in water under such conditions.  Herein, we used a new ABC triblock copolymer 
micelle of poly(styrene80-b-[3-(methacryloylamino)propyl]trimethylammonium chloride106-b- 
ethylene oxide47) (PS80-b-PMAPTAC106-b-PEO47) with a core-shell-corona architecture for 
the synthesis of WO3 and MoO3 hollow nanospheres at roomtemperature.  In this ABC 
triblock copolymer, the shell-forming block (PMAPTAC) is soluble in water at any pH, and 
thus plays the role of a reservoir and reaction site for the precursors under a wider range of 
conditions.  Scheme 1 shows the schematic representation of the formation of hollow metal 
oxides.   
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Scheme 1. Fabrication of hollow WO3 and MoO3 nanospheres from a PS-b-PMAPTAC-b-PEO 
micelle template.  
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5.2 Experimental 
5.2.1 Chemicals 
Sodium tungstate dihydrate and sodium molybdate dihydrate from Wako Pure 
Chemicals were used without further purification. The polymer of PS-b-PMAPTAC-b-PEO 
was used as supplied. 
5.2.2 Preparation of the PS-b-PMAPTAC-b-PEO Micelle (Template) 
The PS-b-PMAPTAC-b-PEO triblock copolymer was synthesized via a reversible 
addition-fragmentation chain transfer (RAFT) controlled radical polymerization.21 The 
number-average degree of polymerization (DP) for each block was estimated to be 56, 106, 
and 47 by 1H NMR. Details of the synthesis and characterization of this copolymer are given 
in Scheme 2 and Figure 1. The PS-b-PMAPTAC-b-PEO was then dissolved in deionized 
distilled water to prepare polymeric micelle solution (template) at an initial concentration of 1 
gL-1. 
5.2.3 Preparation of Hollow WO3 and MoO3 Nanospheres 
Sodium tungstate dihydrate and sodium molybdate dihydrate were used as precursors 
for the synthesis of hollow WO3 and MoO3 nanospheres, respectively. In a typical synthesis, 
an appropriate amount of each precursor was mixed with 5 mL of polymeric micelle solution 
(1 gL-1) under agitation with a magnetic stirrer. The solution was gently stirred for 3 days to 
obtain the precursor/template composite particles and then dilute HCl solution was added 
until the intermediate composite precipitate appeared. The solution was then aged for 2 days 
without stirring. The precipitate was separated from the solution by centrifugation (8000 rpm) 
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and dried in an oven at 50 °C. To obtain hollow spheres, the dried powder was calcined at 
500 °C for 4 h in air to remove the polymeric template. 
5.2.4 Characterization 
Zeta-potential was calculated from the electrophoresis mobility (EPM, measured with 
an Otsuka ELS-800) using Smoluchowski’s equation:  
 
   
 
 
  
  ,                                                                                                    
(1) 
 
where  E is EPM,   is the zeta-potential, and   is the permittivity of solvent. Transmission 
electron microscope (TEM) images were obtained using a JEOL JEM-1210 electron 
microscope at an accelerating voltage of 80 kV. The TEM sample for the micelle particles 
was prepared by casting one drop of the micelle solution onto a copper grid, followed by 
drying in air for one day. The micelle particles were stained with phosphotungstic acid. To 
prepare the TEM sample for the hollow particles, the dried powders were dispersed in water. 
Then, one drop of the dispersion was casted on a copper grid, followed by drying in air for 
one day. 
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Scheme 2.  Synthesis of PS-b-PMAPTAC-b-PEO via RAFT controlled radical polymerization.   
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Figure 1.  500 MHz 1H NMR spectrum of PS-b-PMAPTAC-b-PEO in DMSO-d6 at 100 °C with the 
corresponding assignments. 
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5.3 Results and Discussion  
5.3.1 Characterization of the PS-b-PMAPTAC-b-PEO Micelle (Template) 
Unlike the PVP block of the PS-b-PVP-b-PEO triblock copolymer in a previous 
study,20 the PMAPTAC block of the PS-b-PMAPTAC-b-PEO triblock copolymer in the 
current study can be ionized to produce a polycation over a wide range of pHs from acidic to 
basic conditions. The positive charge on the PMAPTAC shell makes it more efficient for 
anionic precursors to be incorporated into the shell. The hydrodynamic diameter (Dh) of the 
prepared PS-b-PMAPTAC-b-PEO micelle was measured by dynamic light scattering (Otsuka 
ELS-8000 electrophoretic light scattering spectrophotometer) and the Dh value was found to 
be 70 nm.  
 
 
 
 
 
 
Figure 2. TEM picture of the PS-b-PMAPTAC-b-PEO micelle (1 gL-1). The micelle was stained 
with phosphotungstic acid. 
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Transmission electron microscopy (TEM) was carried out by a JEOL JEM-1210 
microscope (80 kV) using the micelle sample stained with phosphotungstic acid (Figure 2).  
The micelle has a spherical structure with an average diameter of 35 nm and the white spheres 
correspond to the hard PS core block. The TEM picture provides clear evidence for the 
micelle formation. The TEM observation revealed a smaller micelle size (35 nm) than the 
dynamic light scattering experiments (70 nm) mainly due to the reason that the TEM accounts 
for only the core-shell part and excludes the corona part of the micelle. Furthermore, the 
PMAPTAC shell shrunk due to staining with the phosphotungstic acid, because the 
electrostatic repulsion between the positive PMAPTAC chains was cancelled by the negative 
phosphotungstic ions. 
5.3.2 Characterization of Hollow WO3 and MoO3 Nanospheres 
Prior to the synthesis of the hollow nanospheres, it is important to standardize the 
amount of metal oxide precursor required with respect to the polymer template. The amount 
of metal oxide precursors is expressed in terms of the apparent ratio of precursor/template 
(ARP/T), which is defined by: 
 
     
 
                                                    
                                                                          
 
(2) 
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Figure 3. Dependence of zeta-potential (ζ) of (a) tungstate/PS-b-PMAPTAC-b-PEO and (b) 
molybdate/PS-b-PMAPTAC-b-PEO over different ARP/T ratios. Concentration of 
PS-b-PMAPTAC-b-PEO is fixed at 0.1 gL-1.  
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The zeta-potential ( ) was used to optimize the crucial amount of the oxide precursors 
and polymeric template required through electrostatic charge neutralization between them. 
The zeta-potential measurements were carried out by recording the various concentrations of 
metal oxide precursors from ARP/T= 0 to ARP/T= 2.5 for the fixed polymer concentration of 
1 gL-1. Figure 3a shows the variation in the zeta-potential with the gradual addition of the 
sodium tungstates. The successive addition of the tungstates resulted in a continuous decrease 
in the zeta-potential from 67.3 to ~ 0 mV. This indicates that the positive charge of the 
PS-b-PMAPTAC-b-PEO micelles is gradually neutralized by the tungstate anions. The 
zeta-potential becomes ~0 mV at the ARP/T ratio of 1.5, and this result implies that all the 
added tungstate ions are not bound to the polymeric micelles; only 66.7 % of the tungstate 
ions are bound to the micelles. Thus the zeta-potential measurement indicates an optimum 
precursor ratio of 1.5 for the polymer concentration of 1 g L-1. Similarly, the minimum 
concentration of the sodium molybdate precursor required for complete charge neutralization 
was found to be 1.25 as observed from zeta-potential measurements (Figure 3b).  
Powder X-ray diffraction patterns were recorded using a Rigaku powder 
diffractometer with CuKα radiation. The obtained XRD patterns (Figure 4) were characteristic 
of the phase pure WO3 (PD-32-1394) and MoO3 (PD-21-569) and matches well with those in 
the literature.22 The complete removal of the template polymeric micelles was confirmed by 
Fourier transform infrared (FTIR) measurements using a Jasco FT/IR 7300 spectrometer. It is 
clear from the FTIR spectra (Figure 5) that the –C=C– bond vibration of the phenyl group 
(1600-1430 cm-1) and the CH2 vibration of the polymer backbone (3000-2800 cm
-1) 
completely disappeared after calcination, and the characteristic peak of WO3 (around 800 cm
-1) 
that appeared in the spectrum after calcination confirms the formation of the metal oxide.  
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Figure 4.  XRD patterns of (a) hollow WO3 and (b) hollow MoO3 nanoshperes prepared by 
templating PS-b-PMAPTAC-b-PEO micelle. 
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Figure 5. FTIR spectra of WO3 /polymer hybrid (a) before and (b) after calcination. 
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Figure 6a shows the hollow WO3 nanospheres at the ARP/T ratio of 1.5. Almost all 
the particles have a uniform spherical hollow structure with a similar wall thickness. The 
diameter of the cavity is approximately 14 nm, and the wall thickness is approximately 16 nm. 
We have also prepared hollow WO3 particles with different ARP/T ratios such as 1, 2 and 5, 
and these results are shown in Figure 7. Thus the synthesis at different precursor ratios 
suggested that uniform hollow spheres were formed when ARP/T was 1 and 2; whereas for 
ARP/T ratio of 5, a mixture of hollow spheres and dense aggregated particles was obtained. It 
may be due to the reason that the excessive amount of the precursor would not bind to the 
PMAPTAC block and formed irregular aggregates in the bulk aqueous phase. Therefore, the 
critical concentration of ARP/T=1.5 is necessary to obtain uniform hollow WO3 nanospheres. 
 
 
 
 
 
 
Figure 6. TEM pictures of (a) hollow WO3 and (b) hollow MoO3 nanospheres prepared by 
templating the PS-b-PMAPTAC-b-PEO micelle. The concentration of PS-b-PMAPTAC-b-PEO is 1 
gL-1 in both samples, while (a) APR/T=1.5 and (b) APR/T=1.25. 
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Figure 6b shows the TEM image of hollow MoO3 nanospheres at the precursor 
concentration of ARP/T = 1.25. From the TEM image, we calculated the cavity diameter of 
approximately 16 nm and the wall thickness of approximately 13 nm. Similar to the WO3 
hollow spheres, the molybdate also formed aggregates when an excess of sodium molybdate 
precursor (i.e. ARP/T = 5) was used (Figure 8).  
It should be noted that both hollow WO3 and MoO3 nanospheres were synthesized 
from the same template micelle, but the former has a relatively smaller cavity size (14 nm) 
than the latter (16 nm). Since the same PS core acts as the template of the cavity for the 
hollow nanospheres, one should expect the same cavity size for both WO3 and MoO3. 
However, a “shrinking” process during the calcination needs to be taken into account. 
Different hollow metal oxides might shrink to different degrees, which would result in 
different cavity sizes. It has been reported by several groups21,23,24 that the cavity size of the 
hollow inorganic particles becomes smaller than the size of the template polymers, which also 
indicates the shrinkage of the inorganic shell during calcination. 
5.4 Conclusions 
In summary, for the first time, the reproducible synthesis of novel hollow nanospheres 
of WO3 and MoO3 with uniform shape and size under mild experimental conditions. The 
application of new polymeric micelle of PS-b-PMAPTAC-b-PEO as a template has been 
successfully demonstrated in the fabrication of the hollow WO3 and MoO3 nanospheres. The 
electrostatic interaction between the cationic PAMPTAC shell and the anionic WO4
2- and 
MoO4
2- precursors plays a crucial role in the successful fabrication of the hollow spheres.  
The ARP/T ratio (precursor to polymeric template ratio) also significantly influences the 
formation of uniform hollow nanospheres. 
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Figure 7. TEM pictures of hollow WO3 materials prepared by templating the 
PS-b-PMAPTAC-b-PEO micelle at (a) ARP/T=1, (b) ARP/T=2, and (c) ARP/T=5. The 
concentration of PS-b-PMAPTAC-b-PEO is 1 gL-1 in all samples. 
 
 
 
 
 
 
Figure 8. TEM pictures of hollow MoO3 materials prepared by templating the 
PS-b-PMAPTAC-b-PEO micelle at (a) ARP/T=2 and (b) ARP/T=5. The concentration of 
PS-b-PMAPTAC-b-PEO is 1 gL-1 in all samples.  
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Chapter 6 
 
Summary 
 
The synthesis of nanoparticles with unique size and shape finds potential 
applications in areas such as optics, electronics, catalysis, and storage devices. For their 
synthesis, templates are often indispensable and it is an important issue to stabilize these 
nanoparticles or to arrange them into superstructures. For this purpose, amphiphilic 
block copolymers with hydrophilic and hydrophobic blocks turned out to be 
advantageous as each block performs different functions. In most cases the block 
copolymers are dissolved in a selective solvent that is poor for one block and good for 
the other block(s), which results in spherical micelles with core-shell or multilayer 
structure. 
Very recently, core-shell-corona micelles from ABC triblock copolymers in 
aqueous solutions have attracted much attention. Micelle of 
poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS-b-PVP-b-PEO), which has a PS 
core, a PVP shell, and a PEO corona in aqueous solutions, was successfully used as a 
template for the synthesis of hollow silica nanospheres by our group. The PS core of the 
micelle acts as the template for the cavity, the ionized PVP shell (< pH 5 ) serves as a 
reservoir and reactor for the silica precursor while PEO corona helps in stabilization of 
111 
 
the polymer/silica hybrid particles by preventing the formation of secondary aggregates. 
The experiments were carried out at pH 4, at which the ionized PVP shell catalyze the 
hydrolysis of TMOS and the negatively charged silica species would easily bind to the 
positively charged PVP layer. 
It is important to note that the PVP shell in the micelle of PS-b-PVP-b-PEO is 
ionized only in a limited pH range which restricts its potential applications in diverse 
material synthesis. In order to overcome this difficulty, here we synthesized a new ABC 
triblock copolymer, poly(styrene-b-3-(methacryloylamino)propyltrimethylammonium 
chloride-b-ethylene oxide) (PS-b-PMAPTAC-b-PEO) by a reversible 
addition-fragmentation chain transfer (RAFT) controlled radical polymerization. We 
confirmed the micelle formation in aqueous solutions.
 
The central PMAPTAC block is 
ionized over a wide pH range in contrast to the PVP block, which is important when we 
employ these micelles as nano-reactors.  
Copolymer PS-b-PMAPTAC-b-PEO with two different DPs (degree of 
polymerization) is studied in detail, i.e. PS8-b-PMAPTAC100-b-PEO45 and 
PS80-b-PMAPTAC106-b-PEO47. The micelles of PS8-b-PMAPTAC100-b-PEO45 were 
detected only at concentrations higher than 1 gL
-1
. The formation of micelles is quite 
difficult at low concentration because of a short PS chain. Therefore the mixed micelle 
formation was worth investigating in presence of counter ions such as sodium dodecyl 
sulfate (SDS) and poly (methacrylic acid) (PMAA). Mixed micelles formed at polymer 
low concentration (ca. 0.005 gL
-1
), which can be ascribed to insolubilization of the 
cationic PMAPTAC block due to charge neutralization by the anionic amphiphiles. 
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The formation of the micelles of PS80-b-PMAPTAC106-b-PEO47 is also 
investigated. SEM and DLS measurements revealed that the micelles have a 
monodispersed spherical structure with Dh = ca. 75 nm. A morphological change in the 
micelle from extended to shrunken spheres was observed by incorporating the tungstate 
anion into the micelle.  This morphological change is induced by cancellation of the 
electrostatic repulsion among the cationic PMAPTAC blocks with the negatively 
charged tungstate ions.   
After the characterization of PS-b-PMAPTAC-b-PEO micelles, it is noticed that 
the template is suitable for the synthesis of hollow inorganic nanospheres since it has a 
well-defined core-shell-corona structure and also PMAPTAC block ionizes over a wide 
pH range. The above template was used for the synthesis of hollow silica nanospheres 
using tetramethoxysilane, phenyltrimethoxysilane and their mixtures as silica precursors. 
All particles show a nearly uniform spherical shape with a narrow size-distribution from 
TEM observation. The cavity size and silica wall thickness were calculated and it was 
found that the wall thickness can be controlled simply by changing the precursor 
concentration.  
The application of polymeric micelles of PS-b-PMAPTAC-b-PEO as template 
for the fabrication of hollow inorganic nanospheres other than silica has also been 
successfully demonstrated. Novel hollow nanospheres of WO3 and MoO3 with a 
uniform shape and size were successfully synthesized under mild experimental 
conditions for the first time. Hollow WO3 naospheres with a cavity size 14 nm and a 
wall thickness 16 nm, as well as hollow MoO3 nanospheres with a cavity size of 16 nm 
and a wall thichness of 13 nm, are obtained as revealed from TEM observation. The 
113 
 
electrostatic interaction between the cationic PAMPTAC shell and the anionic WO4
2-
 
and MoO4
2-
 precursors plays a crucial role in the successful fabrication of the hollow 
spheres. By employing the polymeric micelle of PS-b-PMAPTAC-b-PEO as a new 
template, we also have generalized the suitability of core-shell-corona micelles toward 
synthesis of different inorganic hollow nanospheres. 
In summary, the micelles with core-shell-corona architecture formed by the 
asymmetric triblock copolymer in aqueous solution seem to be a good template for the 
synthesis of hollow inorganic nanospheres. The cavity of the hollow nanospheres is 
controlled by the size of micelle core while the wall thickness can be well tuned by 
changing the precursor concentration. The most significant point of this approach is that 
each block of the copolymer has its unique function in the synthesis of the hollow 
nanospheres, and the capacity PMAPTAC block ionizing over a wide pH range 
provides an opportunity for the fabrication of hollow nanospheres of various inorganic 
materials. We believe that the present method can be adapted for synthesis of a series of 
hollow inorganic materials with precise control over structural parameters. 
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Appendix 
 
Synthesis of PS-b-PMAPTAC-b-PEO
*
 
 
Chemicals: The poly(ethylene oxide) (PEO) based chain transfer agent (PEO-CTA) was 
synthesized according to the method reported by McCormick and co-workers.
※
(3-(Methacryloylamino)propyl)trimethylammonium chloride (MAPTAC) (50 wt % in water) 
from Aldrich was passed through an inhibitor-remover column.  
4,4’-Azobis(4-cyanopentanoic acid) (V-501) (98 %) from Wako Pure Chemical was used as 
received without further purification. 2,2’-Azobis(isobutyronitrile) (AIBN) (98 %) from 
Wako Pure Chemicals was recrystallized from methanol.  The styrene was washed with an 
aqueous alkaline solution and distilled from calcium hydride under reduced pressure.  The 
N,N-dimethylformamide (DMF) was dried over 4Å molecular sieves and distilled under 
reduced pressure. The methanol was dried over 4Å molecular sieves and distilled. 
Preparation of PEO-b-PMAPTAC: MAPTAC (5.96 g, 27.0 mmol), V-501 (35.0 mg, 0.123 
mmol), and PEO-CTA (565 mg, 0.250 mmol) were dissolved in water (30.3 mL).  The 
mixture was degassed by purging with Ar gas for 30 min. Polymerization was carried out at 
70 °C for 5 h. The polymerization mixture was poured into a large excess of acetone to 
precipitate the resulting polymer. The polymer was purified twice by reprecipitating from 
methanol into a large excess of acetone. The obtained cationic diblock copolymer was dried 
in a vacuum oven at 60 °C for 24 h (6.03 g). The number-average molecular weight (Mn) and 
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molecular weight distribution (Mw/Mn) values determined by gel-permeation chromatography 
(GPC) were 1.51  104 and 1.02, respectively. The number-average degree of polymerization 
(DP) for the PMAPTAC block was estimated to be 106 by 
1
H NMR. 
 
Preparation of PS-b-PMAPTAC-b-PEO: Styrene (10.4 g, 0.10 mol), AIBN (4.14 mg, 
0.252 mmol), and PEG-b-PMAPTAC (1.29 g, Mn(GPC) = 1.51  10
4
, Mw/Mn(GPC) = 1.02) 
were dissolved in a mixed solvent of DMF (40 mL) and methanol (40 mL).  The mixture 
was degassed by purging with Ar gas for 30 min.  The polymerization was carried out at 
60 °C for 20 h.  The polymerization mixture was then poured into a large excess of ethyl 
acetate to precipitate the resulting polymer. The polymer was purified by reprecipitating from 
dimethyl sulfoxide (DMSO) into a large excess of ethyl acetate. The obtained triblock 
copolymer was dried in a vacuum oven at 30 °C for 12 h (0.91 g). The DP for the PS block 
was 80 as estimated by 
1
H NMR.   
 
Characterization: GPC measurements of the PEO-b-PMAPTAC were performed using a 
refractive index (RI) detector equipped with a Shodex 10 m bead size Ohpak SB–804 HQ 
column (exclusion limit ~10
7
) working at 40 °C and a flow rate of 0.6 mL(min)
-1
.  A 0.3-M 
Na2SO4 aqueous solution containing a 0.5-M acetic acid was used as the eluent.  The Mn and 
Mw/Mn values for PEO-b-PMAPTAC were calibrated with standard poly(2-vyniypyridine) 
samples of 6 different molecular weights ranging from 5.70  103 to 3.16  105. GPC 
measurements of PS-b-PMAPTAC-b-PEO and PEO-b-PMAPTAC were also performed using 
an RI detector equipped with a Shodex 10 m bead size GPC K–806M column (exclusion 
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limit ~10
7
) working at 40 °C. DMSO containing 10 mM LiBr was used as the eluent at a flow 
rate of 0.5 mL(min)
-1
. The proton NMR spectra were obtained using a Bruker DRX-500 
spectrometer operating at 500 MHz. TLC experiments were performed with silica-gel 60 F254 
TLC plates (Merck) at room temperature using methanol as the eluent.  DMSO and 
methanol solutions of PS-b-PMAPTAC-b-PEO and PEO-b-PMAPTAC, respectively, were 
spotted at the TLC plate.  
 
Results and Discussion: The synthetic route to prepare PS-b-PMAPTAC-b-PEO by the 
RAFT controlled radical polymerization is shown in Scheme 1. We first prepared the diblock 
copolymer of PEO-b-PMAPTAC by RAFT using PEO-CTA with DP = 47. 
PS-b-PMAPTAC-b-PEO was then prepared by the RAFT polymerization of styrene using 
PEO-b-PMAPTAC as a macro chain transfer agent.  The GPC elution curve (Figure 1) for 
PEO-b-PMAPTAC is unimodal with no indication of the presence of uncontrolled polymers.  
The Mw/Mn value of PEO-b-PMAPTAC is narrow (Mw/Mn = 1.02), indicating that the 
polymerization was reasonably well controlled.   
Figure 2 shows the 
1
H NMR spectrum for PS-b-PMAPTAC-b-PEO in DMSO-d6 at 
100 °C.  The resonance band around 3.6 ppm (a) is attributed to the PEO methylene protons.  
The resonance peaks observed around 6.4-7.3 (l and k) and 7.8 ppm (d) are assigned to the 
pendent phenyl protons of the PS block and amide proton of the PMAPTAC block, 
respectively.  The DP of the PS block was calculated to be 80 from the integral intensity 
ratios of the resonance band of the PEO methyl protons and the pendent phenyl protons of the 
PS block.  The DP of the PMAPTAC block was evaluated to be 106 from the intensity ratio 
of the resonance band of PEO methyl protons and the pendent amide and methylene protons 
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of the PMAPTAC block.  Although PS-b-PMAPTAC-b-PEO can be dissolved in DMSO 
and the mixed solvent of DMF/methanol (1/1, v/v), it cannot be dissolved in good solvents for 
PS such as tetrahydrofuran, ethyl acetate, and DMF.  The triblock copolymer sample does 
not contain the PS homopolymer, because the polymer was purified by reprecipitations in a 
large amount of a good solvent for PS, i.e., ethyl acetate.  In TLC experiments using 
methanol as the eluent, rate of flow (Rf) values for PEO-b-PMAPTAC and 
PS-b-PMAPTAC-b-PEO were observed to be 0.15 and 0, respectively.  Therefore, we 
conclude that the triblock copolymer sample does not contain PEO-b-PMAPTAC.   
To obtain information about molecular weight and Mw/Mn for 
PS-b-PMAPTAC-b-PEO, GPC measurements were carried out using DMSO as the eluent.  
The GPC elution profiles for PEO-b-PMAPTAC and PS-b-PMAPTAC-b-PEO (Figure 3) are 
unimodal with the asymmetric distribution.  A slight decrease of the retention time of 
PS-b-PMAPTAC-b-PEO can be observed compared to that of PEO-b-PMAPTAC.  We 
could not estimate exactly the molecular weight and Mw/Mn by GPC due to an unexpected 
interaction of the polymers with the GPC column. 
 
 
* The synthesis work of the polymer is done by Y. Yokoyama and Prof. S. Yusa from Hyogo 
University. 
※  
References: Y. Mitsukami, M. S. Donovan, A. B. Lowe, C. L. McCormick, 
Macromolecules 2001, 34, 2248. 
118 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.  Synthesis of PS-b-PMAPTAC-b-PEO via RAFT controlled radical polymerization. 
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Figure 1.  GPC elution curve in a 0.3 M Na2SO4 aqueous solution containing 0.5 M acetic acid of 
PEO-b-PMAPTAC (Mn = 1.51  104, Mw/Mn = 1.02). C (Mn = 1.51  104, Mw/Mn = 1.02). 
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Figure 2.  500 MHz 1H NMR spectrum of PS-b-PMAPTAC-b-PEO in DMSO-d6 at 100 °C with the 
corresponding assignments.  
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Figure 3.  GPC elution curves of PEG-b-PMAPTAC (△) and PS-b-PMAPTAC-b-PEO (○) at 
40 °C using DMSO containing 10 mM LiBr as the eluent. 
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